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Approximately 25-30% of people infected with human immunodeficiency virus 1 (HIV-1) 

develop HIV-associated encephalitis and HIV-associated dementia. The underlying mechanisms 

leading to HIV encephalitis remain unclear. In an attempt to understand the molecular events that 

lead to encephalitis and subsequent dementia, I focused on identifying differentially expressed 

genes in the central nervous system (CNS) using SIV infected rhesus macaques as an 

experimental model system by using methods serial analysis of gene expression (SAGE), and 

microarray hybridization. I studied two different brain regions, caudate and globus pallidus, in 

non-infected, acutely infected, and mildly encephalitic animals. Since my analysis of macaque 

SAGE data utilized existing human nucleotide sequence databases, identification of the genes 

from which the SAGE tags were obtained proved to be challenging. I successfully identified the 

genes from which two of the tags were obtained. These were major histocompatibility complex 

class I (MHCI), differentially expressed during disease and neurogranin (Nrg), differentially 

expressed in caudate relative to globus pallidus. The differential expression of these two genes 

was confirmed by real-time RT-PCR and in situ hybridization techniques. I further characterized 

the localization of MHCI in the CNS tissue and found that whereas in non-infected tissues, 

endothelial cells were the major cell types expressing MHCI mRNA, during acute infection and 

mild encephalitis, when local virus replication was low or absent, all CNS cell types could 
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express this mRNA. In addition, I observed upregulation of interferon-stimulated genes (ISGs), 

MxA, OAS2, and G1P3, both in the CNS and in the periphery that could be potential surrogate 

markers for SIV infection. Since encephalitis is observed only at end-stage disease, traditional 

thinking has been that the CNS remains relatively unaffected until later stages of infection. Our 

findings indicate that immune activation within the CNS might occur early in infection and 

persist in a chronic manner thereby causing continuous damage, which might affect the 

development of end-stage encephalitis and dementia. Therefore, early, potent, suppression of 

systemic viral replication could potentially inhibit the development of virus-mediated 

neuropathology later on. Such an approach would be of important public heath significance.  
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I. Introduction 

HIV is the causative agent for acquired immunodeficiency syndrome (AIDS). Since the HIV 

epidemic began in the 1980s, over 60 million people worldwide have been infected and over 20 

million have died. Currently, throughout the world, greater than 14,000 people are newly 

infected every day and greater than 8,000 people die daily of complications related to HIV 

infection 1. No vaccine or fully efficacious treatment exists for HIV-infection and AIDS and 

many aspects of the mechanisms by which this virus causes disease are still poorly understood. 

Obtaining a better understanding of the pathogenesis of HIV infection will be important for the 

development of vaccines and treatments.  

 

A. HIV: Epidemiology, transmission, and disease progression 

 

1. Epidemiology and distribution 

As of December 2004, 39.4 million people were living with HIV world-wide out of which 25 

million infections are localized in Sub-Saharan Africa 2. Whereas access to treatments in North 

America has reduced the number of HIV infected people in that region to approximately 1 

million, the number of daily infections continues to rise in the developing world particularly in 

South Eastern Asia (currently at 7 million) 2.  

Based on its genomic sequence and pathogenic potential, the HIV virus can be divided 

into two distinct subtypes. HIV-1 is the predominant type found throughout the world, whereas 

HIV-2 is primarily found in the African continent. Of these, HIV-1 is the better-studied subtype 
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and has been grouped into M (for “main”) and O (for “outgroup”). The M group is responsible 

for the majority of infections worldwide whereas the O group is relatively rare and found in 

Cameroon, Gabon, and France 3. Group M can be divided into eight different clades (A-H), 

which are unevenly distributed world-wide 4. For example, clade B is predominant in North 

America and Europe, clade C in India, and clade E in China and Thailand.  The effects of these 

sequence differences on transmission and disease are not clear and remain an area of intense 

study. 

 

2. Primate lentiviruses and the origins of HIV 

Retroviruses comprise a diverse group of enveloped RNA viruses. This group of viruses is 

unique in their replicative strategy, which includes reverse transcription of the virion RNA into 

linear double-stranded DNA and the subsequent integration of this DNA into the genome of the 

cell3.  All retroviruses contain three major coding domains, gag, coding for viral matrix, capsid 

and nucleoprotein; pol, coding for the reverse transcriptase and integrase enzymes; and env, 

coding for the viral envelope protein. An additional, smaller, coding domain present in all 

retroviruses is pro, which encodes the virion protease. Complex retroviruses encode additional 

proteins that might or might not be essential for viral replication. HIV is a lentivirus 

distinguished from other retroviruses by morphology and the presence of auxiliary genes such as 

tat or rev 3.  

Primate lentiviruses can be divided into five distinct groups based on their genomic 

sequences. These groups are HIV-1/SIVcpz (chimpanzees), HIV-2/SIVsmm (sooty mangabey 

monkeys), SIVmac (macaque monkeys), SIVagm (African green monkeys), SIVmnd (mandrill 

monkeys), and SIVsyk (sykes monkeys) 3. There is evidence that some monkey species have 
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been natural hosts for their cognate strains of SIV for long periods of time. For example, African 

green monkeys infected with SIVagm develop a lifelong persistent infection with no overt 

symptoms of disease 5. However, in the case of rhesus macaques, SIV infection does results in an 

AIDS-like disease 6 making it an appropriate model to study HIV infection of humans. HIV-2 is 

believed to have arisen by cross species transmission from mangabey monkeys as the natural 

habitat of these monkeys and the region of endemic HIV-2 infection coincide well 5,6. The 

origins of HIV-1 are less clear. Infection studies and phylogenetic analyses point toward a close 

relationship with SIVcpz 7. It is theorized that the virus has been entering the human population 

from an animal reservoir for a long time, through the butchering of monkeys, for example. With 

the modern age of globalization, world travel, and urbanization of populations in developing 

countries, the virus was introduced into the developed world. Once there, it was easy for it to 

spread extensively through the population by drug-related needle use and unsafe sexual 

practices.  

 

3. Transmission  

HIV can be transmitted by direct homosexual or heterosexual contact, by blood or blood 

products, and from mother to child in utero, during birth, or via breast milk 3. The likely targets 

for initial viral infection are antigen-presenting cells of the mucosa, specifically dendritic cells. 

Infected cells are then transported to the lymphoid tissue where the virus comes into contact with 

susceptible CD4 cells and establishes infection. Subsequent bursts of viremia spreads the virus to 

other parts of the body 8. HIV infects CD4 T cells and macrophages (MF) utilizing CD4 as a 

receptor for binding and entry. In addition it requires a chemokine receptor as co-receptor and 

the two main coreceptors are CCR5 (for macrophage tropic virus) and CXCR4 (for T cell tropic 
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virus). Many viral strains are able to use both co-receptors for entry and might also utilize some 

additional atypical co-receptors such as CCR2, CCR3, CCR8, Ajp, and CX3CR1. 9-12. 

 

4. Disease Progression 

Primary HIV-1 infection is associated with clinical symptoms such as general malaise and 

lymphoadenopathy approximately 3-6 weeks following infection. The severity and persistence of 

these symptoms vary considerably from patient to patient. A burst of viral replication can be 

detected in the blood approximately 3-weeks after infection with levels reaching 106-107 copies 

of viral RNA per ml 13. A decline in peripheral CD4 T cells is also noted 14. Antiviral immune 

responses are detected approximately 3-6 weeks after infection followed by a decrease in plasma 

viral load 15,16. Following the acute phase a phase of clinical latency begins which is mostly 

asymptomatic and can vary between 8-12 years in humans 17. During this period there is 

continual viral replication at fairly constant levels even in the presence of the antiviral immune 

responses 18 likely due to the multiple immune evasion strategies adopted by the virus. Clinical 

disease begins when plasma CD4 T cell levels begins to drop. When CD4 cell counts drops 

below 200 cells/μl, the patient becomes susceptible to AIDS-defining opportunistic infections 

and neoplasms 3.  

The most important correlate of disease progression is the viral load set point at the end 

of acute infection. When viral load is high at this time, progression to disease is faster 19,20. Both 

viral and host genetics are thought to affect the rate of disease progression. For example, in both 

humans 21 and macaques 22 a deletion or mutation of the viral nef gene has been described to 

inhibit rapid disease progression. Individuals who do not progress to AIDS also show a more 

sustained immune response, including for example, maintenance of a vigorous CD8 response 
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throughout the course of infection 23. A number of host genetic factors have also been associated 

with slower rates of disease progression. The most striking is a CCR5 deletion mutation. 

Individuals who are homozygous for a 32 base pair (bp) deletion of the CCR5 gene (co-receptor 

for HIV) are resistant to infection and heterozygous individuals have a slower rate of progress 

24,25.  

Importantly, despite 20 years of intensive research, the precise mechanisms by which 

HIV-1 infection causes AIDS have not been clearly identified. 

 

B. Experimental animal models 

Since analyses of HIV and its effects in humans are generally limited to autopsy specimens, an 

animal model is essential to study the changes at the cellular and molecular level that occur in 

tissues, particularly at the earlier stages of disease.  

 

1. Nonhuman primate models 

The SIV-infected macaque system is widely used to model HIV-1 infection and disease and the 

advantage to this system is that tissues can be examined from infected hosts throughout the 

course of infection including the early stages of infection. SIV and HIV-1 are related genetically, 

have similar genome structures and infect the same target cell types 26 27. SIV infection of 

macaques shows very similar disease progression and immunodeficiency when compared to HIV 

infection of individuals 26,28 . The acute phase of infection is very similar to that of HIV-1 with 

peak plasma viremia observed at 2 weeks post infection . Like HIV infection in the CNS, SIV 

primarily infects macrophage/microglia (MF/Mgl) cells, specifically perivascular MFs . 

Widespread astrocytosis , CNS infiltration by CD8 T cells  and apoptosis of multiple cells 

29

30

31

32 33
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types  are associated with end stage disease. As in HIV, vacuolization of white matter is 

observed in areas of abundant inflammatory and SIV-expressing cells . The histopathological 

findings are similar in HIV and SIV except that vacuolar myelopathy and peripheral neuropathy 

associated with HIV are not observed during SIV infection . SIV also causes neurophysiologic 

abnormalities detectable by neurobehavioral testing . As in HIV-associated dementia (HAD), 

the neurobehavioral dysfunction associated with SIV infection does not correlate with CNS viral 

burden . Instead, the best correlates are the amount and the extent of MF/Mgl activation within 

the CNS .  

34

28

28

32

32

35-37

One challenge in studying HIV/SIV neuropathogenesis is that, SIV-infected macaques 

like HIV-1 infected humans develop overt neurological symptoms in only a small percentage of 

infected cases . Host genetic factors as well as the strain of the infecting virus can affect 

extent of CNS disease . There are poor correlations between lesions, viral burden, and clinical 

38-40

28

neurological manifestations 38. Strong correlations have been described between neurological 

symptoms and productive infection of MF/Mgl and higher viral RNA levels in the CNS 41. 

Attempts have been made to develop models of encephalitis that provide higher rates of disease 

development within a reasonable period of time. These models include CD8 T cell depletion 

strategy 42 in rhesus macaques,  coinoculation of pigtailed macaques with the neurovirulent strain  

SIV/17E-Fr plus the immunosuppressive strain SIV/DeltaB670 43 44, and infection with SIV/17E-

Fr plus SHIV(ku2) of rhesus macaques 45 . 
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2. Murine models 

Murine models have also provided information regarding the development of HIV associated 

neuropathology. A model described by Tyor et al. , involves the inoculation of severe 

combined immunodeficiency (SCID) mice with HIV-infected human monocyte-derived 

macrophages. This results in neuropathology extending beyond the region of the xenograft  . 

The pathology includes astrocytosis, activation of Mgl, formation of multinuclear giant cells 

(MNGCs), and neuronal apoptosis . Behavioral abnormalities have also been described for 

these animals . Transgenic mice over-expressing HIV/gp120 also demonstrate Mgl activation, 

astrocytosis, blood brain barrier (BBB) permeability, and altered neuronal morphology . 

These mice also developed neurobehavioral abnormalities .  These studies suggest that certain 

viral proteins by themselves might have neurotoxic effects as described below. 

46

46 47

48

49

50-52

50

 

C. HIV encephalitis and dementia 

HIV can affect the nervous system directly by producing neurological pathologies and symptoms 

as well as indirectly by causing immunodeficiency, which results in increased susceptibility to 

opportunistic infections and neoplasms 53. HIV-1-associated neuropathologies include HIV-1 -

associated encephalopathy, cognitive-motor disorder, vacuolar myelopathy, and peripheral 

neuropathies. The opportunistic infections associated with HIV-1 neuropathology are 

toxoplasmosis, tuberculosis, cryptococcal meningitis, and cytomegalovirus-associated retinitis 

and encephalitis. Neoplasms include primary CNS lymphomas as well as metastatic Kaposi 

sarcoma 53. HAD has been described as a subcortical dementia that affects approximately 25% of 
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infected individuals. The early symptoms of HAD includes psychomotor slowing and behavioral 

changes such as apathy and irritability. At a later stage, almost all aspects of cognition, motor 

functions and behavior are affected resulting in dementia and paraplegia 54 53. HIV encephalitis is 

assumed to precede dementia and consists of pathological changes such as perivascular 

infiltrates, MNGCs, microglial nodules, astrocytosis, loss of white matter, and loss of neurons. 

There does not appear to be a strong correlation between plasma viral load and encephalitis 55, 

although correlations have been noted between HAD and CNS viral load 56, neuronal dendritic 

pathology 57 and neuronal loss 58-61. The best correlates of HIV-associated encephalitis (HIVE) 

described so far are the number of MFs present in the CNS. Levels of local viral RNA and 

antigens can also be correlated to encephalitis 55,62,63. With the advent of highly active 

antiretroviral therapy (HAART), the incidence of HAD has decreased, however, the cumulative 

prevalence of HAD has increased possibly because of the increased lengths of survival in AIDS 

patients 53,64. Several host genetic factors have been implicated as having an increased or 

decreased risk toward development of HAD. MHC Class I haplotypes B51 and A24 have been 

described as neuroprotective whereas MHC class II alleles DQA1-03000, DQB1-05000 and 

DRB1-09199 were associated with a higher risk for developing HAD 53. An Apolipoprotein E4 

allele and specific polymorphisms in the MCP-1 gene were also found to increase the risks for 

developing HAD 65,66.  

 

1. Early stages of CNS infection by HIV/SIV

Studies examining the early stages of CNS infection have mostly been performed in the SIV- 

infected macaque model. SIV can be detected in the CNS as early as 7-day post infection (dpi). 

The primary infected cell population in the CNS is considered to be cells of the myeloid lineage, 
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monocytes (MO), MF, Mgl. These cell types have been shown to express the necessary receptor 

(CD4) and co-receptor (CCR5) required for viral entry . At the early stage viral replication is 

mostly observed in perivascular macrophages suggesting that these cells are infected in the 

periphery and might traffic through the BBB and seed the brain parenchyma with virus . 

Intracerebral inoculations studies  showing lack of infected cells around site of inoculation 

suggest that parenchymal Mgl are poorly infected by SIV. In a study by Williams et al., the 

authors used cell surface markers to distinguish between perivascular MF (CD11b+, CD68+, 

CD14+, CD45+) and parenchymal Mgl (CD11b+, CD68+) and showed that perivascular MF are 

primarily infected by SIV . However, this observation was not replicated in HIVE tissues 

where parenchymal Mgl accounted for the majority of HIV p24 antigen positive cells and were 

found to express both CD14 and CD45 . It is possible that this reflects a difference between 

humans and primates and this issue currently remains unresolved. Early SIV infection of the 

CNS is accompanied by mild gliosis and the presence of perivascular infiltrates . Early 

infection is also associated with an upregulation of cytokines IL-1β, TNFα, and IL-6 . No 

clear correlations have been found between neuropathology, SIV replicating cells, and T-cell 

infiltration . There is evidence of early neuronal injury in the absence of high CNS viral load. 

Gonzalez et al, have found decreases in the levels of n-acetylasparate, calbindin, and 

67,68

30,31

69

31

70

30

35,71

71

synaptophysin, (indicating neuronal damage), along with increases in the levels of GFAP 

(indicating gliosis) during early infection 72. Increased expression of vascular cell adhesion 

endothelial molecule 1 (VCAM-1), and the tryptophan metabolite quinolinic acid 73,74 have also 

been noted. The clinical manifestations of the acute symptoms in macaques are similar to 

humans, noted by an increase in body temperature, lymphadenopathy, and a decrease in gross 

motor activities 75. A decrease in the activity of choline acetyltransferase (chAT), a biochemical 
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marker of cognitive function, was noted during early infection 76. This decrease in activity was 

restored by treatment with a dopaminergic drug selegiline 77, suggesting that dopaminergic 

regions of the CNS, such as the basal ganglia (BG), are affected early during SIV infection 

causing cognitive impairments 78.  

 

2. Late stages of CNS infection by HIV/SIV  

After the resolution of acute infection viral mRNA is no longer readily detectable in the CNS 

. Microglial activation and MF infiltration are inapparent . However, body temperatures 

can remain elevated  and behavioral changes have been noted  suggesting that the early CNS 

invasion does cause some damage even though the viral levels are undetectable.  

31,43,79 73

75 80

During late infection, the extent of gliosis and MF/Mgl activation increases within the 

CNS . In fact, Mgl activation is believed to play a central role in the development of the 

pathology associated with HIV/SIV CNS infection. Mgl can be activated by systemic viral 

infection as well as by the presence of infected cells within the CNS. Infected and/or activated 

MF/Mgls secrete a number of neurotoxins that could be involved in the development of CNS 

pathology. These include proinflammatory cytokines (IL-1β, IL-6, TNFα), nitric oxide (NO), 

neopterin, eicosanoids (arachidonic acid), Ntox, β2-microglobulin (B2M), platelet activating 

factor (PAF), quinolinic acid, prostaglandins and excitatory amino acids (EAAs) (glutamate, 

aspartate, L-cystein), all of which have been found to be upregulated in CNS tissues of patients 

with end stage AIDS . Astrocytes function in maintaining the homeostasis of EAAs by 

regulating their uptake. Mgl activation can alter astrocyte physiology resulting in glutamate 

release, impaired glutamate uptake, NO production, and further cytokine/chemokine secretion . 

Impaired glutamate uptake by astrocytes 

72

81-86

85

can result in neuronal death due to glutamate 
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excitotoxicity 87. Soluble factors released from activated Mgl can directly damage neurons by 

releasing substances that produce excessive activation of the NMDA subtype of glutamate 

receptors .88  Furthermore the presence of high levels of EAAs due to damage of astrocytes and 

neurons can promote neuronal calcium influx , which, in addition to the over-stimulation of the 

glutamate receptors can activate apoptotic pathways. The presence of HIV or SIV in the CNS 

can also activate the resident Mgl directly. HIV gene products Tat and gp120 can stimulate Mgl 

to produce a host of toxic products (PAF, arachidonic acid, glutamate, NO), which can cause 

damage to both neurons and astrocytes leading to apoptosis . In addition, Tat has been shown 

to upregulate expression of adhesion molecules, increase permeability of BBB and thus influence 

MO trafficking . Activation of MF/Mgl can also lead to increased production of reactive 

oxygen and nitrogen species that could be responsible for oxidative stress. Evidence for 

increased oxidative stress has been found in the CNS of patients with HAD .  

89

90-92

93,94

95,96

 

3. Neurovirulent strains of HIV/SIV 

The issue of whether specific neurovirulent strains of HIV and SIV exist is not resolved. 

Previous reports of viral genome sequence analysis support the idea that neurotropic forms of the 

virus exist . Gene sequences in the V3 loop of HIV-1 env as well as sequences within the nef 

gene may be responsible for conferring neurotropism . However, other studies have 

demonstrated that viral sequences within the CNS phylogenetically match those of the bone 

marrow . This argues for a hematogenous route of viral entry into the CNS. 

97,98

99-101

63,102
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4. CNS Cells involved in HIVE/SIVE 

 

MO/MF/Mgl 

 Infection of MO/MF/Mgl by HIV/SIV is of paramount importance to the development of 

encephalitis and dementia and has also been described in other sections of this dissertation. 

Briefly, there is clear evidence that MO/MF/Mgl constitute the primary population of CNS cells 

infected by HIV/SIV. These cells express CD4 and CCR5  and also an atypical co-receptor 

CCR3 . The principal strains associated with neuropathological disease are macrophage-tropic 

with MF/Mgl cells being productively infected during disease . Whereas the controversy of 

perivascular MF versus parenchymal Mgl as the major population of virus infected cells have not 

been resolved , the “Trojan horse” hypothesis (described below) of MO trafficking playing a 

major role in the development of encephalitis is generally accepted .  

67

67

103

31,70

54,85

 

T Cells 

T-cells, both CD4 and CD8, express the required receptors for HIV/SIV entry and although CD4 

T cells are infrequently detected  in the brain, HIV/SIV antigen-specific CD8 T cells have 

been detected in the CSF and CNS parenchyma during HIVE/SIVE . HIV-1-specific 

cytotoxic T lymphocyte (CTL) responses have been detected in the cerebrospinal fluid (CSF) of 

patients with HAD and suppression of viral replication has been observed . CD8 T cells 

isolated from the CNS of infected macaques are functional and express granzymes A and B, 

perforin, and IFNγ  suggesting that even though T cells constitute a minor population within 

the CNS, they might still play an active functional role. In the CD8 depletion model for SIVE , 

104

33,39,105-109

108,110

33

42
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a high percentage of the CD8 depleted animals develop severe encephalitis, thereby 

demonstrating the importance of these cells in the development of HIVE/SIVE. This could be a 

consequence of systemic immunosupression, which might allow an increased number of infected 

MOs to traffic to the CNS. 

 

Oligodendrocytes 

Few studies  have reported in vitro or in vivo infection of oligodendrocytes by HIV. It is 

generally accepted that these cell populations are not productively infectable by HIV or SIV. 

Human and simian oligodendrocytes do not express CD4 or the chemokine co-receptors utilized 

by HIV/SIV for entry , so even if rare infections would occur in vivo it is unlikely that would 

contribute significantly toward disease. Nevertheless abortive infection of these cells could still 

have effects on the alteration of the immune environment of the CNS leading to encephalitis. 

111,112

113

 

Endothelial cells 

 Whether HIV/SIV can productively infect endothelial cells in vivo and contribute to the disease 

process is not clear. The current consensus is that these cells comprise a potential avenue for the 

virus to enter the CNS. Endothelial cells express the chemokine co-receptors CCR5 and CXCR4 

that are utilized by HIV/SIV for entry . In addition they express other chemokine receptors 

such as CCR1, AJP, CCR3 and DC-Sign  that can potentially be utilized by HIV/SIV for 

entry into CNS cells. Even if not used for productive infection these virus binding cell surface 

proteins could hold virus present in the plasma in a form that could subsequently infect other 

cells that pass through the BBB and enter the CNS. Whereas some studies report the presence of 

CD4 receptors on endothelial cells , others find no evidence of it . It seems that infection 

114,115

115-117

118 117,119
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of endothelial cells in vivo might occur but viral replication is minimal . In another study, 

endothelial cells were found to not support HIV-1 replication by themselves, but direct cell to 

cell contact between MF and endothelial cells in co-cultures increased HIV-1 replication 

considerably . This kind of interaction might occur at the BBB during HIV infection. 

Therefore, it is possible that HIV/SIV uses endothelial cells as an entry point into the CNS 

through the BBB rather than as a cell population to be productively infected.  

119

120

 

Neurons 

Neurons in the human and macaque brain have been shown to express CXCR4, CCR5, and 

CCR3, CX3CR1 chemokine receptors  but only certain subtypes of neurons have been 

shown to express CD4 . A CCR3-mediated, CD4-independent mechanism of infection has 

been suggested for neurons . It has also been proposed that the virus can enter neurons by a 

trans-receptor mechanism where cell-to-cell contact between neurons and MO/MF or T cells 

allows the virus to first bind to the gp120 of the MO/MF/T cell and then to the co-receptors 

present on the neurons, thereby entering the neuronal cell . Whether this actually happens in 

an in vivo situation is unclear. In summary, although in vitro infection of neuronal cell lines by 

HIV has been observed , there is little evidence that productive infection of these cells occurs 

in vivo.  

12,115,121

122

123

124,125

126

 

Astrocytes 

 Astrocytes do not express CD4 but do express CCR5 and CXCR4 on their cell surfaces. 

Therefore it is possible that they can be infected by HIV/SIV via a CD4-independent mechanism 

. There is a lack of convincing evidence that astrocytes can be productively infected by 115,121
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HIV/SIV in vivo. Infection of astrocytes leads to an abortive replication where early viral 

proteins (Tat, Nef, Rev) are expressed but late structural proteins (Gag) are not . Evidence 

for in vitro infection has been conflicting. There are studies that suggest such an infection is 

possible and other studies that suggest that is not the case. There is also a lack of consensus 

regarding the mechanism and the extent of such an infection .  

127,128

127,129-131

 

D. Mechanisms involved in the development of encephalitis and dementia 

The underlying mechanisms by which encephalitis and dementia develop are incompletely 

understood. Studies using the macaque model have shown that the virus enters the CNS as early 

as 7 dpi when low levels of productive infection are found 30,31,43.  However, after resolution of 

acute infection, productive viral replication is not seen in the brain until end stage AIDS 43,132. 

The currently accepted “Trojan horse hypothesis” 54,85,86 suggests that during early infection, 

infected MO enter the CNS through the BBB where they might differentiate into perivascular 

MFs or infect the already existing perivascular MFs. This occurs during peak systemic viremia 

when viral DNA, RNA, and protein are detected in the CNS 30,31.  During the clinical latency 

period MO still continue to traffic to the CNS, but due to systemic immune responses the 

numbers of infected MO entering the CNS might be greatly reduced. Later in disease when the 

individual progresses to AIDS, immune control of virus becomes greatly reduced and the number 

of infected MO that can carry the virus to the brain increases again. This allows further spread of 

virus in the brain and also reactivates the latent virus population that entered the CNS during 

early infection 54. Figure 1 shows a schematic describing this process. 
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Figure 1    Schematic of early, asymptomatic, and AIDS stages of HIV/SIV CNS infection  

Figure taken from Williams et al., Annual Review of Neurology, Vol. 25, 537-562, March 2002. Reprinted with permission 
from the Annual Review of Neuroscience, volume 25 ©, 2002 by Annual Reviews www.annualreviews.org 

 

 

Mgl activation is thought to play a major role in the pathology observed in HIVE/SIVE. Mgl 

activation can occur as a result of systemic infection as well as due to direct viral infection of the 

CNS. MO in blood activated in response to systemic infection produce inflammatory factors 

such as TNFα, IL-1β, and IL-6. This results in an increase in MO migration into the CNS 

compromising the integrity the BBB. Evidence of serum proteins in the CNS  and 

disruption of tight junctions of endothelial cells  in HIVE points to increased permeability of 

the BBB as a factor in the disease process. In response to the presence of proinflammatory 

133,134

135

 16



cytokines, endothelial cells of the BBB over-express adhesion molecules such as E-selectin, 

ICAM-1 and VCAM-1  that bind the approaching MO and further expedite their migration 

into the CNS. An over-expression of specific matrix metalloproteinases (MMPs) has also been 

observed in HIV infected MF/Mgl and HIVE tissue . The MMPs are proteolytic enzymes 

responsible for the maintenance of the extracellular matrix and aberrant expression of these 

products can further compromise the BBB and influence MO trafficking. As MO migration 

increases, further production of proinflammatory cytokines and release of viral products prompt 

the endothelial cells to maintain high expressions of adhesion molecules and allow a continuous 

flow of MO infiltration. HIV proteins can also stimulate gelatinase B (MMP 9) to compromise 

the integrity of the BBB . The proinflammatory cytokines produced as a result of the 

interaction between infected MO and the BBB can also induce the expression of CC chemokines 

MCP-1, MIP1α, MIP1β, and RANTES which then increases migration of more infected and/or 

activated MO into the CNS . Therefore, once initiated, chronic activation associated with 

inflammation may be self-perpetuating, maintained in an autocrine and paracrine fashion. 

136,137

138

139

140

Although, the motor and cognitive impairments associated with HIVE are presumed to be linked 

to neuronal injury and damage 141,142, the virus does not infect neurons productively 143-145. 

Neuronal damage is thought to occur indirectly through networks of dysregulated cytokines and 

chemokines along with the production of viral or cellular neurotoxins 85,115,146. Specifically, 

neurons are damaged by toxins released by activated Mgl, particularly the EAAs, via over-

stimulation of glutamate receptors 85,147. Immunomodulatory factors such as SDF1 or PAF may 

promote further calcium influx or like TNFα, may directly initiate caspase-dependent apoptotic 

pathways 147. A currently accepted model showing mechanisms of neuronal damage in 

HIVE/SIVE is shown in Figure 2.  
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Figure 2    Mechanisms of neuronal damage in HIVE/SIVE.  

Figure from Kaul et al., Nature, Vol. 410, 988-994, April 2001. Reprinted with permission from Nature 
(www.nature.com). 

 

Evidence for MO/MF trafficking playing a major role in the development of HIVE, 

comes from patients on HAART.  Since the introduction of HAART, the incidence of HAD has 

decreased 53 in spite of the poor penetrance of protease inhibitors 148. A reason for this 

observation might be that as HAART treatment reduces the number of infected MO in the 

periphery, fewer infected cells traffic to the CNS thereby causing a reduction in the incidence of 

 18



HAD 148. Furthermore, CD14+ CD16+ and CD14+ CD69+ subsets of MO in the blood increases 

during HIV/SIV infection and the increased percentages have been found to correlate with HAD 

149. In the CD8 depletion model of SIVE, CD14lo CD16hi blood MO levels peak at 7 dpi, drop, 

and rise again with the development of AIDS and SIVE following the pattern of virus infection 

of the CNS 149. 

The scenario described above is called the “indirect mechanism model” hypothesis 

because injured neurons that contribute toward the development of HAD, are damaged mostly by 

indirect mechanisms involving activation of Mgl, a wide-spread dysregulation of cytokines, 

chemokines, immunomodulatory factors, and production of neurotoxins.  

 

E. Differential Gene Expression: Overview 

Traditionally gene expression studies have been approached at the single gene level using 

classical techniques such as northern blot analysis and in situ hybridization (ISH). Such 

techniques allow the analysis of a limited number of genes in a single study. Other techniques 

such as subtractive hybridization and differential display do not allow global quantitative 

analysis of transcript levels. During the last decade a number of new methods have been 

developed that can assess and quantify the expression levels of up to thousands of genes 

simultaneously. Two such high-throughput gene expression techniques, SAGE and microarray 

analysis have revolutionized the field by permitting the generation of large-scale gene expression 

profiles. 
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1. SAGE 

SAGE is a comprehensive approach to analyze global gene expression patterns where prior 

knowledge of the genes and their sequences is not a requirement. SAGE relies upon the 

generation of unique 10 bp sequence tags from a defined position within the transcript near the 3’ 

end. Multiple transcript tags are concatenated and sequenced thus allowing simultaneous analysis 

of thousands of genes. An evaluation of the gene expression profile is made by determining the 

relative abundance of individual tags as well as identifying the gene corresponding to each tag 

150,151.  

In order to generate SAGE libraries, double stranded cDNA is synthesized from total RNA 

or mRNA using a biotinylated oligo (dT) primer. The cDNA is then digested with the restriction 

enzyme NlaIII, which recognizes the sequence CATG and therefore is expected to cut the cDNA 

once every 256 nucleotides (44). Using streptavidin-coated magnetic beads the 3’ end of each 

cDNA closest to the last CATG sequence is isolated. A linker containing a restriction enzyme 

site for BsmF1 is then ligated to the cDNA. This enzyme cleaves the cDNA in a sequence 

independent manner at a distance of 10 nucleotides (nt) 3’ from its recognition site thereby 

releasing short cDNA fragments that are known as the SAGE tags. The ends of the tags are 

blunted, combined and ligated as ditags, the linkers are released by NlaIII digestion, and the 

ditags are concatenated, cloned, and sequenced. By computer analysis tags from each library are 

counted and matched against Genbank or Unigene databases (www.ncbi.nlm.nih.gov/SAGE) 150-

152. A schematic of the SAGE procedure is shown in Figure 3.  

The strength of this approach is that simultaneous, quantitative analysis of tens to hundreds 

of thousands of transcripts is possible. Prior information about the genes is not required for this  
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Figure 3    Schematic of SAGE procedure  

The anchoring enzyme (AE) is NlaIII and tagging enzyme (TE) is BsmFI. Boxed A and B are independent linkers, whose 
3′ portions are designed to contain TE sequence. Transcript-derived tag sequences are denoted by Ns.  

Figure from Yamamoto et al., Journal of Immunological Methods, Vol 50, Pages 45-66, April, 2001. Reprinted with 
permission from Elsevier. 

 
 

method. As such, this approach should allow the discovery of novel genes. Results obtained by 

SAGE have been validated by other methods including parallel analysis of clone frequencies in  
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cDNA libraries, northern blot, RT-PCR, ISH, and microarray analyses 153-156. In addition, since 

expression levels of transcripts are represented by absolute numbers of SAGE tag counts, data 

sharing and comparison between different experiments and different research groups is 

facilitated.  

Although SAGE is a powerful technique it does have several limitations. The process of 

constructing the SAGE libraries, sequencing and analyzing the tags is time consuming, labor-

intensive and expensive 151. It has been shown that detection of low abundance transcripts can be 

challenging particularly in complex heterogeneous tissues 152. Also a large amount of input RNA 

is required for SAGE, which might not always be feasible. 

Recently modifications of the SAGE technique have been developed allowing smaller 

amounts of input RNA 157, microSAGE 158, SAGE-Lite 159, PCR-SAGE 160 and MiniSAGE 161.  

Often, computer analyses of SAGE tags result in tags that do not match to any known gene in the 

databases, perhaps corresponding to novel transcripts. Additionally, a SAGE tag might match to 

more than one gene in the database making unigene identification difficult. In order to identify 

these tags more accurately, several PCR-based strategies have been developed. These include the 

techniques rapid analysis of unknown SAGE tags (RAST)-PCR 162, and generation of longer 

cDNA fragments from SAGE tags for gene identification (GLGI) 163. The GLGI approach is 

designed to isolate a population of cDNAs representing only the 3’ ends of the mRNAs, thus 

creating a smaller, more specific pool for the amplification of a gene sequence associated with a 

particular 14 nt SAGE tag. Methods such as LongSAGE utilize a different type IIS restriction 

enzyme, MmeI to generate 21 bp tags. This method has been shown to better facilitate gene 

identification over the standard SAGE 164. Another approach has found that using the restriction 
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enzyme Sau3A instead of NlaIII as the anchoring enzyme increases the tag length by 2-3 bp and 

improves the potential for transcript detection and identification 165. 

The SAGE technique was originally developed by Velculescu et al. to study the patterns of 

gene expression in the adult pancreas 150. Since its inception, SAGE has been successfully 

applied to studies of gene expression in multiple types of cancer 166,167, cell typing studies such 

as comparison of mature versus immature dendritic cells 168, as well as gene expression studies 

of CNS abnormalities155 169. In HIV-1 infected T cell lines, SAGE has identified upregulation of 

genes associated with transcription and T-cell activation and downregulation of genes involved 

in defenses against oxidative stress 170. Notably, all of these studies involved analysis of human 

genes in human cells or tissues. SAGE analysis of gene expression profiles in other species 

might be limited by the ability to identify the genes from which the SAGE tags were derived. 

 

2. Microarrays 

DNA microarray technology permits the analysis of the expression levels of thousands of genes 

simultaneously 171,172. The array consists of a highly ordered matrix of hundreds to thousands of 

different DNA sequences immobilized on a solid surface such as a nylon membrane, glass, or 

silicon chip. Arrays can be spotted with presynthesized cDNA fragments or oligonucleotides 

varying in length from 40-70-nt. In this method, a labeled cDNA target is hybridized to a DNA 

microarray and the gene expression levels assed by quantifying hybridization intensities. 

Specifically, two samples are labeled with different fluorescent nucleotides (Cy3 and Cy5) and  

are subsequently co-hybridized to the same array. Genes that are expressed at equal levels in 

both samples will have a mixture of both fluorescent nucleotides hybridized whereas genes 
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Figure 4    Schematic of Microarray technique 

Figure modified from Feldker et al., Behavior Genetics, 33 (5): 537-548, Sept 2003. Reprinted with permission from 
Springer Science and Business Media. 

 

 

expressed at different levels between both samples will display predominant hybridization of one 

of the fluorescent nucleotides over the other 152. A schematic of the procedure described above is 

shown in Figure 4.  

Results from microarray experiments have been confirmed by ISH and real-time RT-PCR 

173 indicating the reliability of the procedure. Although the experiments are fast and efficient, 

commercially available arrays can be expensive and the bioinformatical analysis can be time 
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consuming and complicated. A major limitation is that gene expression levels can be assessed 

only for the genes that are spotted on the array. That is, discovery of novel genes is not possible 

by this method. Also DNA arrays have been shown to lack the sensitivity to detect low 

abundance mRNAs particularly in complex tissues P

174
P. Furthermore, different protocols, 

reagents, and analyses used in different studies make it difficult to compare microarray data 

between laboratories.  

 

3. Comparison of SAGE and microarray approaches 

Although large-scale gene expression profiling by SAGE and microarray hybridization are being 

used extensively by researchers, both methods have their limitations. The biggest advantage of 

SAGE over microarray is the fact that it does not require prior knowledge of the transcriptosome 

and thus is not limited to known genes spotted on a chip. On the other hand, the microarray 

technique is faster and less challenging than SAGE. Since both SAGE and microarray are 

popular techniques for studies attempting large-scale gene expression profiling, some researchers 

have compared the two methods to observe if the same genes are found to be up- or down-

regulated when these different methods are utilized. A study by Feldker et al., attempting to 

detect CNS genes responsible for certain behavioral abnormalities in different strains of mice, 

found that for medium to high abundance genes, the two techniques are fairly comparable. 

However, results were undependable by either method when looking at low abundance genes, 

including genes that are known to play a role in these behavioral problems P

152
P. Another study by 

Ishii et al. P

156
P compared the top 20 genes upregulated in MO/MF expression profiles and 

compared microarray chip intensity to SAGE tag frequencies. They found that whereas both 

techniques identified similar subset of genes, each also identified genes that the other did not and 
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the rankings did not always match. They did note, however, that whereas the two techniques did 

not always identify the same gene, often genes that belonged to the same pathway were 

identified P

156
P. Therefore, ideally, SAGE can be used to generate an initial picture of the 

trascriptosome and then microarray technology can be used to expand the study further. In fact, a 

study by Sawiris et al., P

175
P identified 516 SAGE tags that were upregulated in ovarian cancer and 

used these tag sequences to build a diagnostic microarray chip known as Ovachip.  

 

F. Summary 

One of the biggest challenges with SAGE is that the databases used for tag-to-gene mapping, or 

identification of the genes encoding the tags, are crucial for all downstream applications and 

understanding. Currently comprehensive sequence databases exist for only certain species. In the 

study described in this dissertation, we performed SAGE on macaque RNA and since macaque 

sequence specific databases for analyzing SAGE tags are currently not available, we had to 

perform all analyses against existing human sequence databases. This attempt at cross-species 

analysis of SAGE tags was novel. This problem in the field has been recognized by others P

176
P as 

a recent paper describes development of a bioinformatics tool that facilitates cross-species tag to 

gene mapping. How well this tool functions remains to be seen.  

Although HIVE/SIVE has been studied for many years, until recently, the focus has not 

been on large-scale differential gene expression profiling to globally identify genes that are up- 

or down-regulated. This approach is useful for identifying pathways that might be involved in 

the disease process. Also, early studies of HIV/SIV infection of the CNS showed no local viral 

replication at the early stages of infection.  Therefore, what happens in the CNS during acute 

systemic infection has not been well addressed. Only recently studies are finding evidence of 
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early damage and immune activation to the CNS during HIV/SIV infection P

74
P. In this 

dissertation, I focused on utilizing differential gene expression techniques to identify genes that 

might be involved during early CNS infection by SIV and therefore contribute to early 

previously unrecognized changes in the CNS, or to the later development of encephalitis and 

dementia.  
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II. TSpecific Aims 

HAD is a severely debilitating neurological disorder that affects approximately 25% of infected 

individuals in terminal stages of AIDS P

54
P. The overall aim of this dissertation was to investigate 

potential changes in the CNS that might elucidate the mechanisms underlying the development 

of HAD, using SIV-infected rhesus macaques as a model system. The mechanisms underlying 

the early viral entry in the brain, the changes during the acute phase of infection and the events 

preceding encephalitis have not been fully elucidated. The current consensus is that an “indirect 

mechanism” of neuronal damage occurs where multiple cellular factors may play an important 

role. It is generally believed that systemic viral infection causes infected MO to traffic to the 

CNS and enter through the BBB. This results in an activation of tissue MF and Mgl, which then 

produce a host of toxic factors and release chemokines to attract more peripheral MO into the 

CNS. A vicious cycle ensues which might be self-perpetuating, maintaining itself in an autocrine 

and paracrine manner. The toxins produced by the activated MF/Mgl act directly on astrocytes 

and neurons causing their death P

54
P P

85,86
P. The details of this model are however poorly understood. 

My hypothesis was that during disease progression after infection with SIV, subsets of 

cellular genes would be differentially expressed in the brain. These genes will be expressed 

by specific cell types within specific micro-anatomic compartments within the CNS, and 

might have a role in the development of encephalitis and potentially in downstream 

neurologic dysfunction. I have approached this hypothesis by studying differential gene 

expression profiles using an unbiased method, SAGE and a biased method, microarray 

hybridization.  

 

The specific aims that were used to address the central hypothesis are described below. 
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Specific Aim 1: To identify differentially expressed CNS genes during different disease 

states in SIV-infected rhesus macaques by using an unbiased approach, SAGE and a biased 

approach, microarray technology. The subcortical regions of the CNS are major anatomic 

targets for HIV/SIV infection and the BG, thalamus and hippocampus regions are areas of high 

viral load and virus-mediated damage P

56,177
P. Multiple studies have previously addressed the 

condition of the CNS during severe encephalitis. Since the virus has been described to enter the 

CNS very early during infection, I hypothesized that there might be changes at the molecular 

level in the CNS long before severe encephalitis sets in and that these changes might explain 

some of the mechanisms that are involved in development of encephalitis and dementia. 

Therefore I focused on defining the immune environment of the CNS during acute infection 

(AcSIV) (2 weeks post infection) and during mild encephalitis (mSIVE). The expectation was 

that at least a proportion of the SIV-infected rhesus macaques that developed AIDS would also 

develop fulminant SIVE so that these could be compared with the AcSIV and mSIVE animals. 

However, in our cohorts none of the animals developed fulminant encephalitis. The mSIVE 

status of the animals was defined by the number of viral RNA positive cells and CD68 positive 

macrophages. SAGE was performed on RNA samples obtained from the caudate (CA) and the 

globus pallidus (GP) regions of uninfected, AcSIV and mSIVE rhesus macaques through 

collaborative efforts with Dr. David Peters (Currently at the Department of Pharmacology and 

Therapeutics, University of Liverpool). 

The SAGE data generated were in the form of lists of tag frequencies. Each tag is a 10 bp 

sequence that is generated from a unique mRNA within the population. To identify the genes 

represented by the tags, I attempted to obtain more complete sequence information for the gene 

from which a particular tag was generated by using a PCR-based technique known as rapid 
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amplification of cDNA ends (RACE). The products that were successfully identified by RACE 

were then analyzed further by multiple methods.  

Microarrays have been used extensively for studying differential gene expression. Our 

laboratory has developed an immunologically focused custom microarray that contains 256 

macaque cDNAs. These genes included cytokines, chemokines and chemokine receptors, all of 

which might have a role in the SIV-associated disease process. The array also includes a large 

number of macrophage, dendritic cell, and lymphocyte related genes as well as genes involved in 

innate immunity and adhesion. This custom-built array was used as a second approach to identify 

differentially expressed genes using RNA from uninfected, AcSIV, and mSIVE tissues.  

 

Specific Aim 2: To perform additional analyses of the genes identified in Specific Aim 1 in 

order to confirm and quantify their differential expression. Techniques for global differential 

gene expression studies such as SAGE or microarray hybridizations are designed for large scale 

screening experiments that are semi-quantitative. Therefore any gene are identified as 

differentially expressed by those techniques must be confirmed using other techniques that are 

more quantitative in nature. I focused on two tags that were predicted by SAGE to be 

differentially expressed and successfully identified by RACE. These genes were MHCI and Nrg. 

MHCI was found to be differentially expressed in between of disease states whereas Nrg was 

found to be differentially expressed in the CA relative to the GP of the CNS. I developed real-

time RT-PCR assays specific for MHCI and Nrg to accurately quantify their levels of expression. 

I also generated riboprobes from these genes by in vitro transcription of cDNA template and 

used those to probe CNS tissues by ISH in order to determine patterns of expression within the 

complex tissues from which the original RNAs were obtained.  
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Specific Aim 3: To elucidate the roles of differentially expressed genes identified in Specific 

Aim 1 in the disease process. Since I found MHCI to be upregulated in the CNS, I next focused 

on characterizing immune-associated genes that might act as upstream activators of MHCI. 

Using a combination of molecular and tissue based techniques I investigated selected molecules 

that might be responsible for MHCI upregulation. The molecules I investigated included 

cytokines, ISGs, and toll-like receptors (TLRs). I also investigated what the types of cells 

express MHCI mRNA in the CNS and whether this population changes during the different 

disease states. To address this I used simultaneous ISH and IHC to label for MHCI mRNA and 

cellular markers specific for macrophages (CD68), T-cells (CD3), neurons (NeuN), astrocytes 

(GFAP), and oligodendrocytes (MBP). I also characterized these cells on the basis of their states 

of activation (HLA-DR) and proliferation (Ki67). Finally, as potential downstream effects of 

MHCI upregulation, I investigated whether there was evidence of mitochondrial damage and 

oxidative stress in the diseased tissues, by IHC staining for Cyt C and Hsp70. 

 

Collectively the studies described in this dissertation were designed to define the state of 

immune activation of the CNS during SIV infection. Whereas the immune state of the CNS 

during HIVE or SIVE has been well studied previously, here I have focused on the immune 

environment of the CNS during early acute infection and mild encephalitis when local viral 

replication is absent or at very low levels.  

Chapter III consists of data from Specific Aims 1, 2, and 3, focused mainly on the SAGE 

studies, its confirmation and the potential functions of differentially expressed genes identified 

by SAGE. Chapter IV contains the microarray analyses from Specific Aim 1 and follow-up 
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studies with stress related genes as described in Specific Aim 3. A schematic describing the 

samples and methods used in this dissertation is presented as a flowchart in Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5    Flowchart of samples and methods. 

RNA and/or tissues from UI, AcSIV, AIDS and mSIVE macaques were used to identify differentially expressed genes by SAGE 
and microarray hybridizations. In depth analyses for differentially expressed genes were performed by real-time RT-PCR and 
ISH/IHC. RNA/tissue samples obtained from collaborators Dr. Clayton Wiley and Dr. Joseph Mankowski are denoted by CW 
and JM, respectively. 
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III. TUpregulation of MHCI in the central nervous system of Simian 

immunodeficiency virus-infected Rhesus macaques in the absence of encephalitis 

 

(Manuscript in preparation) 

This chapter consists of data that are currently being prepared as a manuscript for submission in 

a peer-reviewed journal.  

The data described here consisted in part of collaborative efforts within Dr. Reinhart’s 

laboratory and between Dr. Peter’s and Dr. Reinhart’s laboratories. To ensure appropriate credit 

is given for such collaborations, I note here those individuals who contributed to these studies. 

The SAGE data were generated by Elisa O’Hare in Dr. David Peters’ laboratory. Macaque-

specific ISGs were cloned by Dr. D.H. Kim (at the time at Dr. Reinhart’s laboratory). Primers for 

Sybrgreen Real-time RT-PCR assays were developed by Dr. D.H. Kim (all ISG assays) and Dr. 

Sonali Sanghavi (cytokine and TLR assays) (Reinhart Laboratory). Data for IFNα mRNA levels 

in axillary lymph nodes (Ax LN) were obtained from Dr. Sonali Sanghavi. Viral load data (SIV 

ISH) for Ax LN was obtained from Beth Fallert (Reinhart Laboratory). Taqman Realtime RT-

PCR assays were purchased directly from Applied Biosystems. 
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T 

A. Preface 

The following section contains data that are part of a manuscript in preparation. Here I have 

described the SAGE data and analyses, the RACE procedure attempted to accurately identify the 

SAGE tags, and how the RACE procedure was found to be inefficient for identifying macaque 

SAGE tags using human nucleotide sequence databases. I have also described follow up studies 

on the tags MHCI and Nrg.  The differential expression of these two tags was confirmed by ISH 

as well as real-time RT-PCR. I further investigated the cell types expressing MHCI in the CNS 

during the different disease states and whether these cells were activated, and/or proliferating. In 

addition, I also investigated the differential expression of other immune markers in the CNS, 

such as the ISGs that might be related to the MHCI upregulation. 
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B. Abstract 

Although a majority of HIV infected individuals show evidence of some neurological symptoms, 

only about 25% develop HIV-associated dementia. The underlying mechanisms responsible for 

the development of encephalitis and dementia are poorly understood. To gain insights into the 

events that take place at the molecular level following viral infection, we attempted to study 

global differential gene expression using SAGE in a SIV-infected rhesus macaque model. We 

studied two different brain compartments, CA and GP in uninfected, AcSIV, and mSIVE 

animals. The putative genes from which the differentially expressed SAGE tags were derived 

could be broadly categorized into genes associated with immune function, signal transduction, 

metabolism/stress, cytoskeleton, replication/transcription/RNA processing, and protein 

synthesis/trafficking/degradation. The SAGE tags were identified by using an online tool that 

matches them to existing nucleotide sequence databases. Since our SAGE data were generated 

from macaque RNA, and currently no comprehensive macaque sequence database exists, we 

matched our tags against current human sequence databases. Since such a cross-species match 

might not be fully accurate, we performed the RACE technique in an attempt to accurately 

identify the SAGE tags. Using strict criteria, we successfully RACE-amplified two cDNAs, 

MHCI and Nrg. The MHCI tag was upregulated during disease whereas the Nrg tag was more 

highly expressed in CA relative to GP. We were able to confirm the differential expression of 

these two genes using real-time RT-PCR and ISH techniques. We further characterized the 

expression of MHCI in the CNS and found that in the absence of disease MHCI RNA was 

expressed at low levels by endothelial cells. During AcSIV and mSIVE, other cell types of the 

CNS including MF/Mgl, neurons, astrocytes, and oligodendrocytes were found to express 

MHCI. We also observed an upregulation of interferon-stimulated genes (ISGs) early in 
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infection (MxA, OAS2 and G1P3), both locally and systematically, that remained elevated in 

AIDS and mSIVE. Our data indicate that cross-species analyses of SAGE tags are challenging 

and must be rigorously confirmed by other experimental strategies. The data also indicate that 

MHCI is upregulated in the CNS of SIV-infected rhesus macaques in the absence of local virus 

replication and encephalitis. This suggests that during SIV infection of the CNS, immune 

activation might occur early and even when local viral replication is absent or at low levels and 

persist in a chronic manner until end stage disease when encephalitis develops. The upregulation 

of ISGs also points toward a general state of immune activation that is persistent in nature. The 

development of encephalitis might therefore depend on the extent of early CNS immune 

activation.  
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C. Introduction 

HIV-1 neuropathogenesis is defined by encephalitis and dementia, the latter characterized by 

progressive cognitive, motor, and behavioral impairments P

54
P. Approximately 60% of HIV-1-

infected individuals ultimately demonstrate some type of neurological abnormalities throughout 

the course of infection and approximately 90% of autopsy cases show signs of neuropathology. 

However, only 25-30% of infected individuals develop HAD P

86
P.  In HIV-1 infected individuals 

as well as in SIV-infected nonhuman primates, CNS dysfunction has not been shown to correlate 

well with viral load in the CNS or at the periphery, or with the route of infection. The best 

correlates of dysfunction seem to be the levels of activated MF/Mgl in the brain P

55
P. The 

pathological hallmarks of HIVE consists of perivascular infiltrates, microglial nodules, presence 

of MNGCs, astrocytosis, and later in disease, vacuolization of white matter, myelin pallor and 

neuronal loss P

28,178
P. The virus enters the CNS as early as 7 dpi when only low levels of 

productive infection are found P

30,31,43
P.  However, after resolution of acute infection, productive 

viral replication is not seen in the brain until end stage AIDS P

43,132
P. The changes in cellular gene 

expression that occur due to the early viral assault are not clearly understood and might explain 

some of the mechanisms of development of encephalitis and/or neurologic dysfunction. The 

motor and cognitive impairments associated with HIVE can be linked to neuronal injury and 

damage P

141,142
P. Since the virus does not infect neurons efficiently P

85
P, neuronal damage is thought 

to occur through networks of dysregulated cytokines and chemokines along with the production 

of viral or cellular neurotoxins P

115,146,179
P.  

The SIV-infected macaque system is widely used to model HIV-1 infection and disease 

and one advantage of this system is that tissues can be examined from infected hosts throughout 

the course of infection including the early stages of infection. SIV infection of macaques show 
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very similar disease outcomes, including immunodeficiency, as compared to HIV-infected 

individuals P

26,28
P P

29
P, albeit within a shorter period of time. One challenge in studying HIV/SIV 

neuropathogenesis is that SIV-infected macaques, like HIV-1 infected humans, develop overt 

disease in a small percentage of infected cases P

38
P. Attempts have been made to develop models of 

encephalitis that provide higher rates of disease development within a reasonable period of time. 

These models include CD8 T cell depletion strategy P

42
P in rhesus macaques,  coinoculation of 

pigtailed macaques with the neurovirulent strain SIV/17E-Fr plus the immunosuppressive strain 

SIV/DeltaB670 P

43 44
P, and infection with SIV/17E-Fr plus SHIV(ku2) of rhesus macaques P

45
P. 

Multiple studies have previously addressed the condition of the CNS during severe 

encephalitis. Since the virus has been described to enter the CNS very early during infection, we 

hypothesized that there might be changes at the molecular level in the CNS long before severe 

encephalitis sets in and that these changes might contribute to the mechanisms that are involved 

in development of encephalitis and/or neurologic dysfunction. Our cohort of 12 rhesus macaques 

was infected with the immunosuppressive SIV/DeltaB670 strain, and none developed severe 

encephalitis. In this study we focused on defining changes to the CNS gene expression profile 

during AcSIV (2 week post infection) and during mSIVE. The mSIVE status of the animals was 

determined by measuring the numbers of viral RNA positive cells and CD68 positive 

macrophages in the CNS tissue P

180
P. All animals described in this paper were SIV/DeltaB670 

inoculated except one mSIVE animal, which was from a different cohort that was inoculated 

with a macrophage-tropic genetically homogenous isolate referred to as SIV/DeltaB670 Clone 

12.  

To understand the changes that occur at the molecular level in the CNS during SIV 

infection, we used SAGE. SAGE is a powerful technique used to study differential gene 



 40

expression in a global manner, where prior knowledge of the genes is not a requirement. This 

technique was originally developed by Velculescu et al. to study the pattern of gene expression 

in the adult pancreas P

150
P. Since it’s inception, SAGE has been successfully applied to studies of 

gene expression in multiple types of cancer P

166,167
P, cell typing studies such as the comparison of 

mature versus immature dendritic cells, P

168
P, and gene expression studies of CNS abnormalities 

P

152,169
P. The subcortical regions of the CNS are major anatomic targets for HIV/SIV infection and 

the BG, thalamus and hippocampus regions are areas of high viral load and virus-mediated 

damage P

56,177
P P

181
P. We therefore used RNA samples obtained from the CA and the GP regions of 

the BG from uninfected, AcSIV and mSIVE rhesus macaques to construct the SAGE libraries. 

Putatively identified genes associated with differentially expressed tags during AcSIV 

and mSIVE could be broadly categorized into genes involved in functions associated with the 

immune system, signal transduction, metabolism/stress responses, cytoskeleton, 

replication/transcription/RNA processing and protein synthesis/trafficking/degradation. Some of 

the tags identified by SAGE were further analyzed by RACE in attempts to confirm their 

identities. Once the genes associated with the tags were identified, they were analyzed by ISH, 

IHC and real-time RT-PCR techniques to further characterize their expression levels and 

patterns.  

Since we encountered difficulties with the analysis of macaque SAGE tags using human 

databases our experiences suggest that cross-species analyses of SAGE tags must be confirmed 

rigorously by other experimental strategies and might require modifications that provide greater 

than 14-nt of gene-specific sequence information.  

From the SAGE analysis, we found MHCI to be differentially expressed in the CNS of 

AcSIV and mSIVE rhesus macaques. We found MHCI to be expressed by endothelial cells in 
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uninfected as well as infected macaque CNS. However, during infection MHCI was found to be 

expressed by other cell populations of the CNS including MF/Mgl, neurons, astrocytes, and 

oligodendrocytes. We observed this MHCI upregulation during AcSIV and mSIVE when local 

viral replication was absent or low, as well as during SIVE when productively infected cells were 

present in the brain. In addition to the MHCI upregulation, we also observed an upregulation of 

ISGs interferon-α inducible gene (G1P3), myxovirus influenzae resistance 1 (MxA), and 

oligoadenylate synthetase 2 (OAS2), both locally and systematically. These molecules were 

expressed at elevated levels during AcSIV and the levels remained high in AIDS non-SIVE, 

mSIVE, and SIVE animals.  

The data described here indicate that MHCI is upregulated in the CNS of SIV-infected 

rhesus macaques during both the acute phase and mild encephalitis, possibly as an indicator of 

local CNS immune activation. In addition, the observed upregulation of ISGs MxA, G1P3, and 

OAS2 might be potential surrogate markers for SIV infection and immune activation. Therefore 

immune activation of the CNS might occur early in infection and persist in a chronic manner 

thereby causing continuous damage, which might affect the development of end stage 

encephalitis and dementia. 
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D. Materials and methods 

 

TAnimals and Tissue Processing  

All animal studies were performed under the approval and guidanceP

 
Pof the University of 

Pittsburgh Institutional Animal Care andP

 
PUse Committee. The 12 adult rhesus macaques 

(Macaca mulatta)P

 
Pused in this study tested negative for SIV, simian retrovirusP

 
P(type D), and 

simian T-lymphotropic viruses -1, -2, and -3 and P

 
Phave been describedP

 
Ppreviously P

182-184
P. Briefly, 

all animals were inoculatedP

 
Pintravenously and sacrificed either at 2 weeks post-infection during P

 

Pthe acute phase of infection or upon progression to AIDS. At necropsy, transcardial perfusion 

was performed with 0.9% salineP

 
Pto remove contaminating blood cells from tissues. Dissection of 

brains was performed within 1 hour of death using a protocol developed in consultation with Dr. 

Ronald Hamilton (University of Pittsburgh). Tissue specimens P

 
Pwere fixed in 4% 

paraformaldehyde (SigmaP

 
PCo., St. Louis, MO)/phosphate-buffered saline (Biowhittaker, P

 

PWalkersville, MD) (PF/PBS) and processed as described previously P

185
P, or snap frozen in liquid 

nitrogen and stored at -140 P

0
PC. Details of the animals used in this study are tabulated in Table 1. 

 

SAGE  

Snap-frozen tissues from specific CNS regions were homogenized and total RNA was extracted 

by using the Trizol reagent (Life Technologies, Rockville, MD). For generation of the SAGE 

tags, we generated pools of total RNA from the CA and/or GP of 2 uninfected animals and 3 

AcSIV animals. SAGE was performed essentially as described P

159
P.   

 

 



 43

Table 1  Infection status and clinicopathological findings of animals used in this study 

 
LH indicates lymphoid hyperplasia; Pc, Pneumocystis carinii infection; NA, not applicable; and ND, not done.  

P

a 
PAll macaques were inoculated intravenously with a characterized stock of the pathogenic isolate SIV/DeltaB670. 

P

 b 
PValues for samples obtained 2 weeks after infection were not available; values are for the week 1 time point.  

P

 c 
PM6200 was inoculated intravenously with a characterized stock of pathogenic isolate SIV/DeltaB670 Clone 12. P

  

P

d
P SIV RNA positive cells detected by ISH were graded on a +/- scale where +/- indicates 1-2 viral RNA positive cells, + 

indicates 5-10, ++ indicates 10-20, +++ indicates >20 viral RNA positive cells per tissue section. + signs within parentheses 
indicate a cluster of positive cells   within a tissue where overall number of positive cells could be lower. 

 

 

RACE 

3’ RACE was performed using the RLM-RACE kit that included 3’RACE specific primers 

(Ambion, Austin, TX). The 14 bp SAGE tags were used as gene-specific primers. Briefly, first 

strand cDNA was synthesized from total RNA samples that were originally used for SAGE, 

using a 3’ RACE adapter primer (5’-

GCGAGCACAGAATTAATACGACTCACTATAGGT B12 BVN-3’). The cDNA was then PCR 

amplified using 3’ RACE outer primer complimentary to the anchored adaptor primer (5’-

GCGAGCACAGAATTAATACGACT-3’) and a primer based on the SAGE tag sequence. The 

 

 

Animals Infection duration (wk)a Infection stage Plasma viral copies/mL 

 
 

Virus in Braind Clinicopathological findings  

M5299 2 Acute 10 000 000 +/- Mild hypercellularity in LN, gastritis 

M5499 2 Acute 6 500 000b - Reduced % CD4+ 
T lymphocytes 

M5699 2 Acute 63 000 000 - None 

M0999 2 Acute 29 000 000 +/- None 

M5899 2 Acute 14 000 000b +/- Reduced % CD4+ T lymphocytes, mild LH, 
gastritis 

M5999 2 Acute 7 000 000 - Reduced % CD4+ T lymphocytes 

M6299 2 Acute 34 000 000 - Reduced % CD4+ T lymphocytes 

M1799 21 AIDS 780 000 +/- Weight loss, CD4+ T-lymphocyte loss, Pc, LH 

M5199 24 AIDS 540 000 +/- Weight loss, CD4+ T-lymphocyte loss, Pc, LH 

M6199 32 AIDS 940 000 + (++++) Weight loss, CD4+ T-lymphocyte loss, mild 
encephalitis, LH 

M6200 8 c Clinical 
latency 41 600 000 +(+++) Mild encephalitis 

M5600 NA Uninfected ND - None 

M6600 NA Uninfected ND - None 
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resultant PCR products were purified on a 2% agarose gel, excised, and cloned into the pGEMT 

vector (Promega, Madison, WI). The cloned products were sequenced and analyzed by basic  

local alignment search tool (BLAST) sequence homology analysis. For some RACE products, a 

second round of amplification was performed by hemi-nested PCR using the same 14 bp SAGE 

tag sequence as the sense primer and a nested 3’ RACE inner primer (5’-

CGCGGATCCGAATTAATACGACTCACTATAGG-3’) prior to gel purification, cloning and 

sequencing analyses.  

 

Cloning of macaque-specific MHCI and Nrg partial cDNAs 

Rhesus macaque specific MHCI and Nrg cDNAs were generated from total RNA extracted from 

snap-frozen brain tissue using RT-PCR (Access RT-PCR System Promega Corporation, 

Madison, WI). The following cycling parameters were used, 48°C for 45 min; 94°C for 2 min; 

30 cycles of 94°C for 30 sec, 54°C for 30 sec, and 68°C for 2 min; and 68°C for 3 min. The 

primer sequences used were MG.MHCIA.F1 (5'-ATGGCGATCATGGCGCCCCG-3'), 

MG.MHCIA.R1 (5'-TCACACTTTACAAGCCGTGAGAG-3’), MG.Nrg.F2 (5’-

CTTTTGCTTCTCGCCCACCTCT-3’) and MG.Nrg.R2 (5’-

AACACTTGGACATTCCTCTTTATTATTG-3’). These primer sequences were based on a 

macaque MHCIA sequence (GenBank accession number NM_002116) and a human Nrg 

sequence (GenBank accession number AJ317956). A 1097 bp fragment that encompassed the 

MHCI open reading frame and a 554 bp fragment of Nrg were amplified by RT-PCR. The 

amplified products were ligated to the pGEM-T vector (Promega, Madison, WI) and sequenced.  
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Riboprobe synthesis and ISH 

ISHs were performed as described P

185
P. The macaque MHCI and Nrg cDNAs cloned as described 

above were used to generate riboprobes. [ P

35
PS-UTP]-labeled riboprobes were synthesized by in  

vitro transcription using the Maxiscript SP6/T7 kit (Ambion, Austin, TX) and the amount of 

incorporated radioactivity was determined by liquid scintillation. Optimized exposure times were 

determined to be 3 days for both MHCI and Nrg ISHs. 

 

TSimultaneous ISH and IHCT  

Simultaneous ISH and IHCs were performed as described P

184
P. ISH was performed using the 

MHCI riboprobe. Following stringent washing, tissue sections were equilibrated in 1X PBS for 5 

min, and incubated in primary antibody for 1 hr. The primary antibodies that were used are as 

follows: anti-CD68 mAb, 1:25 dilution (clone KP1, Dako Corp., Carpinteria, CA); anti- MHC 

class II antibody, 1:50 dilution  (HLA-DR; TAL.1B5, Dako); anti-NeuN, 1:100 dilution (clone 

A60, Chemicon, Temecula, CA); anti-GFAP, 1:500, (rabbit Ig, Dako Corp., Carpinteria, CA), 

anti-MBP, undiluted, (clone MBP88, Biogenex, San Ramon, CA); Antigen-positive cells were 

detected using the Super PicTure kit (Zymed, Valencia, CA) using 3,3'-diaminobenzidine (DAB) 

as the substrate. MHCI and Nrg RNA+ cells were then detected by emulsion autoradiography 

with exposure times of 2 days. 

For some antigens ISH caused a reduction or abrogation of the subsequent IHC signals. 

For the localization of these antigens, ISH and IHC were performed separately on immediately 

subjacent sections. The antibodies used for these experiments were anti-CD34, 1:50 dilution 

(clone BI-3C5, Zymed, San Francisco, CA); anti-CD3, 1:100 dilution (NCL-CD3-12, 

Novocastra, Newcastle, UK); and anti-Ki67, 1:100 dilution (NCL-Ki67-MM1, Novocastra, 

Newcastle, UK).  For anti-CD3, anti-CD34, and anti-Ki67 antibodies, Retrievogen B (BD 
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Pharmingen, San Jose, CA) was used for microwave antigen retrieval and tissues were blocked 

for 1 hr at room temperature in 1X PBS supplemented with 1.6% normal horse serum (Dako 

Corps, Carpinteria, CA).  

 

TImage Capture and Quantitative Image AnalysisT (QIA) 

To quantify the levels of ISH signal as well as the numbers of antigen and RNA positive cells in 

tissue sections, 10 random microscopic fields from brain tissue sections were captured through a 

40X or 60X Plan apochromat objective on a Nikon E600 microscope using the Metaview 

software package (Universal Imaging Corp., West Chester, PA) and a RT Slider Spot camera 

(Diagnostic Instruments, Inc., Sterling Heights, MI). For combined ISH/IHC experiments, the 

manual counting feature of Metaview was used to count total cells, and cells that were mRNA+, 

antigen+ and mRNA+/antigen+ from each captured image and the percentages of 

mRNA+/antigen+ (double positive) cells were calculated. For quantifying ISH signals, silver 

grains were differentiated from other structures using the color separation feature of Metaview 

software, and surface areas (pixels) were measured with the threshold and measure tools of 

Metaview. ISH signals were calculated for each of the microscopic fields and presented as the 

percentage of total image surface area covered by silver grains. 

 

Real-time RT-PCR  

Real-time RT-PCR was performed using a 2-step protocol as described P

186,187
P. For each 

specimen, 200 ng of total RNA was reverse transcribed using random hexamers and Superscript 

II RT (Life Technologies, Rockville, MD) in a 100-µL reaction. RT-negative controls were also 

performed in parallel for each RNA sample. Five (5) μl of each cDNA was amplified using 
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MHCI and Nrg specific, commercially available Taqman Assays (PE Applied Biosystems, 

Foster City, CA) and a Taqman assay for 18S rRNA (PE Applied Biosystems, Foster City, CA) 

was used as the endogenous control. PCR reactions were cycled at 95°C for 10 min followed by 

40 cycles at 95°C for 15 sec and at 60°C for 1 min on an ABI Prism 7700 Sequence Detection 

System (PE Applied Biosystems, Foster City, CA). Relative quantification of MHCI and Nrg 

mRNA expression levels was calculated using the comparative CBTB method P

187
P, with the CT 

value from an uninfected macaque (M5600) serving as the calibrator.  

 

Statistical analyses  

All statistical analyses were done with Minitab software (State College, PA). Data from ISH QIA 

and real-time RT-PCR experiments were analyzedP

 
Pby pair-wise T-Test comparisons, repeated 

measures analysis of variance (ANOVA) and Kruskal-WallisP

 
Ptests.P

 
PA p-value of <0.05 was 

considered to be significant. 
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E. Results 

 

SAGE analysis of mRNA expression profiles in uninfected, AcSIV and mSIVE rhesus 

macaque CA and GP.  

To identify CNS genes that were differentially expressed during different SIV infection states, 

we created six different SAGE libraries using RNA extracted from uninfected, AcSIV and 

mSIVE CA and GP. The mSIVE status of these tissues was determined in a semi-quantitative 

manner by the presence of viral mRNA+ cells (ISH) and the extent of MF/Mgl immunoreactivity 

(CD68 IHC) (Figure 6). This approach has been used previously by others P

180
P. The CA and GP 

regions were chosen as they have been shown to be important targets of viral replication and 

subsequent development of pathology P

56,177
P. The numbers of tags in the SAGE libraries were 

28,164 and 26,728 in uninfected CA and AcSIV CA, respectively and 35,361, and 31,283 in 

uninfected GP and AcSIV GP, respectively. The mSIVE CA and GP libraries contained 35,215 

and 32,756 tags, respectively. The frequencies for each of these tags were calculated, normalized 

per 10P

6
P, and the normalized expression levels of the tags between all SAGE libraries were 

compared.   

 

Abundantly expressed SAGE tags.  

The 20 most abundantly expressed SAGE tags in the CNS of uninfected, AcSIV and mSIVE 

animals are shown in Table 2. The tag sequences were queried using the NCBI SAGE tag-to-

gene mapping tool (HTwww.ncbi.nlm.nih.gov/SAGE TH) against a comprehensive database of human 

sequences. Eleven out of the top twenty most abundant tags were identical in both CA and GP. 

One of the exceptions was Nrg, which was highly expressed in CA but not in GP. Nrg is a 
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postsynaptic protein kinase substrate that binds to calmodulin and is thought to play an important 

role in learning, memory, and neuroplasticity P

188
P. CNS microanatomic specific differential 

expression of this gene has been previously described in other studies P

189,190
P. In addition, several 

tags did not match with any known human genes. They were unidentifiable using the tag-to-gene 

mapping technique. This could mean these genes are novel and not yet identified or 

characterized or that the analysis of macaque tags using a human database might not be optimal. 

 

Differentially expressed SAGE tags in AcSIV and mSIVE CA and GP.  

Differentially expressed SAGE tags were identified by calculating the ratio between the 

normalized frequency of a given tag from uninfected, AcSIV and mSIVE SAGE libraries. The 

top 20 differentially expressed tags from the CA and GP libraries are shown in Tables 3 and 4, 

respectively. Comparing AcSIV with uninfected CA libraries, 65 unique tags with 10-fold or 

greater increased expression and 23 unique tags with 10-fold or greater decreased expression 

were identified (Table 3). In the GP libraries 26 unique tags with 10-fold or greater increased 

expression and 21 unique tags with 10-fold or greater decreased expression were identified 

(Table 4). Comparing the mSIVE with the uninfected SAGE libraries, 59 tags with 10-fold or 

higher upregulation and 41 tags with 10-fold or higher downregulation in CA and 142 similarly 

upregulated tags and 92 similarly downregulated tags in GP were identified (Tables 3 and 4). 

Some of the tags that were upregulated in the AcSIV were also upregulated in mSIVE whereas 

other tags were specifically upregulated in AcSIV and/or mSIVE. In CA the tag representing 

MHCI (AGAGGTTGAT) was upregulated 27.4-fold in AcSIV and 5.7-fold in mSIVE. In GP 

this same tag was upregulated by 11.9-fold in AcSIV and 8.1-fold in mSIVE. Other than the tag 

representing MHCI, only one more unidentifiable tag was present amongst the top 20 most 
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upregulated tags in both CA and GP (Tables 3 and 4). The most significantly downregulated tag 

putatively identified as PITPNM family member 3 (CTGCTAACAG) was downregulated by 

80.5-fold in AcSIV CA and by 66-fold in AcSIV GP, but was not differentially expressed in 

either mSIVE SAGE libraries. This was the only tag that was present among the top 20 

downregulated tags in both CA and GP (Tables 3 and 4). Therefore, the tags most up or down 

regulated in CA and GP were mostly mutually exclusive. Twelve out of the top twenty 

upregulated tags in AcSIV CA were also 5-fold upregulated in mSIVE CA. In GP, 3 out of the 

top 20 upregulated tags in AcSIV were also found to be >5-fold upregulated in mSIVE. Out of 

the 20 most downregulated tags in AcSIV CA, 5 were also downregulated by >5-fold in mSIVE 

CA whereas in the GP, 7 out of the 20 most downregulated tags were found to be downregulated 

by >5-fold in mSIVE.  

 Based on the putative gene identification, the SAGE tags from our libraries could be 

grouped into genes associated with the immune system, signal transduction, metabolism/stress, 

cytoskeleton, replication/transcription/RNA processing, and protein 

synthesis/trafficking/degradation. 
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Figure 6    Comparison of SIVE and non-SIVE tissues 

MFs were detected by CD68 immunostaining in BG tissues from macaques with SIVE (i) and non-SIVE (ii). SIV viral 
RNA positive cells detected in SIVE (iii) and non-SIVE (iv) tissues by ISH. Isotype controls for IHC and sense controls for 
ISH (not shown) showed little background.  Size bar 50 μm. Original magnification 400x. 
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Use of RACE to identify genes containing SAGE tags.  

Although the human and macaque genomes are highly homologous, it is conceivable that any 

given 14-nt SAGE tag sequence (NlaIII site, CATG plus 10 nt unique sequence) might not be 

exactly the same between humans and macaques. Since we used the available human nucleotide 

sequence databases to putatively identify our macaque-derived SAGE tags with limited success, 

given the large frequencies of unmatched tags, it was important to attempt to unequivocally 

determine the identity of the genes from which the differentially expressed SAGE tags were 

derived.  

RACE is an application of RT-PCR that can be used to obtain additional sequence 

information for a given gene using only one gene-specific primer. We employed this method in 

an attempt to obtain more sequence information from the gene containing the 14-nt SAGE tags.  

Using total RNA extracted from macaque brain tissue we performed RT-PCR using a 3’ RACE 

adapter primer and then hemi-nested PCR using the 14-nt SAGE tag as forward primer and 3’ 

RACE outer and inner primers as reverse primers. The products of these PCR reactions were gel 

purified, cloned into pGEMT vector and sequenced. To obtain gene identity information, online 

BLAST search analyses were performed. This approach was attempted for 8 different SAGE 

tags. Using this method, we obtained 2 cDNAs that when aligned with the most homologous  
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human sequences were 100% homologous across the 14-nt SAGE tag for MHCI and Nrg. 

Although cDNAs were amplified from all attempted RACE reactions, overall, this method of 

follow-up proved to be inefficient. Use of 14-nt tag-specific primers for RACE yielded RACE 

products with a perfect match at the 14-nt area of the sequence for only 2 out of 8 attempted 

SAGE tag specific RACE reactions. These mismatched RACE products, when sequenced, did 

not match the identity of the original tag-to-gene output. Table 5 lists 8 SAGE tags for which 

RACE was attempted and compares them with the RACE products that were obtained. Figure 7 

shows sequence alignments of cDNA products from the 3’RACE using the Nrg SAGE tag 

sequence as the 14-nt primer. For one sequenced clone, the tag region showed a perfect 14 bp 

match and the identity of the gene matched with the putative identity predicted by the tag-to-

gene analysis. However, for a different clone from the same RACE reaction and subsequent 

ligation, the tag region showed only a 10/14 bp match and the amplified gene was identified as 

stannin instead of the expected Nrg. This could have been due to sequence differences between 

macaque and humans, technical limitations resulting from performing PCRs with unusually short 

length primers, or due to homology of a short stretch of sequence in the gene with the 3’ end of 

the 14-nt primer causing it to amplify. 
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Table 2  Abundantly expressed SAGE tags in the rhesus macaque CNS 

 
P

a
Pfrequencies were calculated for all SAGE libraries and normalized per 10P

6
P. To avoid division by 0, a tag value of 0.5 was used, whenever a tag was not detected in a 

library. 

P

b
PPutative identification for a given tag was obtained by using the tag-to-gene mapping tool at Hwww.ncbi.nlm.nih.gov/sage H 

P

c
P Putative functions were obtained by using online tools and databases locuslink and OMIM at www.ncbi.nlm.nih.gov 

Cau date  
             
Tag Se quence UI Freqa  AcS IV Fre qa  mS IVE Fre qa  Tag-to-gene Outputb (Unigene ID)  Pu tative  Fun ctionc 
 
GACTCCACGT   15836 17622 5168 Copper chaperone  (Hs.5002)  Delivers Cu to and act ivates copper/zinc superoxide dismutase
ACCAAGAGGA 15303 10700 5793  No Mat ch   
ACAACTCGAA 15268 17023 14880 No Mat ch   
GTAAGCGTAC 13563 11187 10904 No Mat ch   
CTAAGACCAC 13563 9990 10989 Max protein (Hs.42712) Basic helix-loop-helix leucine zipper transcript ion factor 
TACCCGTACC 11433 6397   2782 Disheveled associated- act ivator of morphogenesis 1 (Hs.19156)  Controls cell polarity and movement during development  
CTTCGCCACC       9693   8867 12267 No Mat ch 
CAGTTGTTGA 9232 17136 4685 Viperin (Hs.17518 ) Interferon inducible viral inhibitory protein 
CAGCTAAAGC 9054 6697 7383  No Match   
AACTATCCCC 7669 9316 4373 Ngg1 interact ing factor 3 like binding protein 1  (Hs.288151) Unknown 
ATCTGAGAAG 7349 6098 6872 Forkhead box P1 (Hs.431498) Transcript ion factor 
TGACTGTGCT 6462 6996 6730 Neurogranin (Hs.232004) Calmodulin-binding protein kinase subst rate 
CAAACATCCT 6355 5050 4089 P art it ioning defect ive 6 homolog gamma (Hs.436554) Signal T ransduct ion 
AGGCCAAATA 5041 3741 3578 Hypothet ical protein MGC34713 (Hs.425123)   
CAGCCAAATG 4686 4265 2726 Hippocalcin (Hs.288654) Neuron specific calcium binding protein 
TGGACACTCA 4438 3217 4799 Neurochondrin (Hs.121870) Development of CNS 
GTGAAACCCC 4367 4340 8746 Hypothet ical protein MGC11332  (Hs.98798)   
CCACTGCACT 2982 3067 5253 Carbonic anhydrase XII (Hs.210995 ) Zinc met alloenzyme  
CTGCGCCCTT 2201 4527 6105  No Match   
GGGGTCAGAA 2166   1122             539                             Glu rich t et rat ricopept ide repeat   containing, alpha (Hs.203910) Unknown 
 
Globus Palidus             
              
Tag Se quence UI Freqa AcS IV Fre qa mS IVE Fre qa Tag-to-gene Output b(Unigene ID)                                                  Putative  Fun ction c 

              
GACTCCACGT 16148 15791 2747 Copper chaperone (Hs.5002) Delivers Cu to and act ivates copper/zinc superoxide dismutase
ACAACTCGAA 15526 10325 10325 No Mat ch   
CTAAGACCAC 9163 5434 8517 Max protein Basic helix-loop-helix leucine zipper transcript ion fact ors 
CAGCTAAAGC 8795 5466 4640 No Mat ch   
ACCAAGAGGA 8738 5466 4396 No Mat ch   
CTGCGCCCTT 8427 15568 15539 No Mat ch   
AACTATCCCC 7466 6841 1831 Ngg1 interact ing factor 3 like binding protein 1  (Hs.288151) Unknown 
GTAAGCGTAC 7409 6329 7021 No Mat ch   
CAGTTGTTGA 7324 9846 1557 Viperin (Hs.17518 ) Interferon inducible viral inhibitory protein 
ATCTGAGAAG 6759 4763 6502 H2A histone family, member Z (Hs.119192 ) Embryonic development  
AGGCCAAATA 5938 2653 2564                      Hypothet ical protein MGC34713 (Hs.425123)     
CTTCGCCACC 5713 7512 10654 No Mat ch  
CAAACATCCT 5118 2589 3846 P art it ioning defect ive 6 homolog gamma  (Hs.436554) Signal T ransduct ion 
TACTTCTGCC 4015 3676 1801 Myeloid different iat ion primary response gene (88)  (Hs.82116) Adaptor protein  for TLR signaling pathway  
GTGAAACCCC 3930 3772 8914 Ret inol dehydrogenase 11 (Hs.226007)               Oxidoreduct ase act ivit y toward ret inoids 
TTGGGGTTTC 3704 3420 3083 Ferrit in heavy polypept ide 1 (Hs.448738 )               Iron storage and metabolism 
TTGGAGATCT 3054 2717 1251 NADH dehydrogenase 1alpha subcomplex (Hs.50098) Electron transfer from NADH to respiratory chain 
AATATTTTCT 2941 1118 2045 RASp21 protein act ivator 1 (Hs.292524 ) Control of cell proliferat ion and different iat ion 
CTATATTTAG 2884 1603 1251 Adrenergic alpha 1A receptor (Hs.52931) Regulat ion of cell proliferat ion 
CATACATACA 2856 1886 3632 Prot eolipid protein  1 (Hs.1787) Development of myelin sheath, oligodendrocytes 
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Although most of the RACE products we obtained did not show a perfect 14-nt match at the 

SAGE tag region, a number of genes were amplified that had anywhere between 8 to 13 nt of 

identity with the tag primer sequence. Based on our criterion for a successful RACE reaction 

being obtaining a product that had a 14/14 homology at the tag region, all but 2 (MHCI and Nrg) 

RACE products were considered unsuccessful. The identity of many of these RACE products 

could not be established as their sequences aligned with poorly characterized regions of human 

chromosomes, clones from the I.M.A.G.E (Integrated Molecular Analysis of Genomes and 

Expression) consortium collection (IMAGE Clones) or bacterial artificial chromosome (BAC 

clones) with undefined functions. However, the RACE products that we were able to identify 

could be functionally grouped into categories similar to the SAGE tag-to-gene outputs and 

included genes associated with immunity, signal transduction, metabolism/stress, 

replication/transcription/RNA processing and protein synthesis/trafficking/degradation. These 

“misprimed” genes were likely to have been amplified because of their abundant expression in 

the tissue samples and/or because of homology of a stretch of sequence of the gene with the 3’ 

end of the primers containing SAGE tag sequences. Table 5 lists putative functions of the RACE 

products that were obtained.  

For the mismatched RACE products, when the corresponding human sequences were 

analyzed, they often did not show a perfect 14 bp match at the tag region. A number of strategies 

were attempted in order to obtain RACE products perfectly matched at the 14-nt tag region. We 

attempted to optimize the primers by increasing their lengths (by adding a 6 bp restriction site or 

3 bp GCG sequence to the 5’end of the tag sequence), and by designing redundancies (Ns) at the 

3’, 5’, or both ends of the primer sequences, in order to generate a primer pool with a fraction of 

the primers having the correct end sequence. 
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Table 3  Differentially expressed SAGE tags in Rhesus macaque CA during SIV infection  

 

P

a
PFor all SAGE libraries, frequency of a given tag was calculated within each library and normalized per 10P

6
P. For obtaining fold differences, the frequency of a tag in one 

library was divided by the frequency of the same tag in a different library. To avoid division by 0, a tag value of 0.5 was used, whenever a tag was not detected in a 
library.  
P

b
PInformation on the putative identity of a given tag was obtained by using the tag-to-gene mapping tool at Hwww.ncbi.nlm.nih.gov/sage H.  

Numbers in bold indicate tags that were up or down regulated by >5-fold in mSIVE SAGE libraries

U p re gu late d Ta gs     
     

Ta g  A cS IV :U I a  m S IV E: U Ia  Ta g  to  G e n e  M a p pin g  O u tpu tb   ( Un ige n e ID )  Fu n c tion al  C ate go ry  
     
A GA GGT TG AT   2 7.4  5 .7   H L A- A  m a jor  h isto com pat ibilit y  co m p lex ,  c la ss I ,  A (H s.  1 812 44)  I m m un e a ssoc iat e d 
G GT GAC CA CC   2 4.9  1 5.2   F e rr it in ,  light po ly pe pt ide ( H s.  4 336 70 )  M et a bo lism /Str e ss 
C CT TTC AC AC   2 4.9  5 .7   D K F Zp4 34 A01 31  pr ot ein  ( H s. 416 436 )   
T GA GGT GG GA   2 4.9  7 .6   N o m at ch   
G TC GTG GA AA  1 7.5  1   N o m at ch   
C TT CCT GT AC  1 7.5  3 .8   P e pt idy lpro ly l isom er a se  F ( cy c lop h ilin  F)  ( H s. 381 07 2)  P r ot ein  fo ldin g 
C AA ATC CA AA   1 5.8  0 .4   N o m at ch   
C TC GCG TG CT   1 5.0  9 .5   N o m at ch   
G AC GTG TG GG   1 5.0  5 .7   H 2A  h iston e  f am ily ,  m em be r Z  ( H s. 119 192 )  R e p lic at ion  
T GG GGA AA TC   1 5.0  5 .7   T hym o sin , bet a  10  (H s.  44 657 4)  C yt o sk e leton  a sso c iat e d 
T AT ATA TC TT   1 2.5             7.8   N o m at ch   
A GA ACC TG CA   1 2.5  3 .8   E 4F  t ra n scr ipt ion  f a cto r 1 ( H s.  1 541 96 )  T r an sc r ipt ion  
C AA AGC AC CG   1 2.5             15 .2   N o m at ch   
T TT AAC TG AC   1 2.5  3 .8   L O C5 112 3 H SP C0 38  p rot e in  ( H s. 374 485 )   
A AT TCA TA GG   1 2.5  1   R ibo som a l pr ot ein  L2 1 ( H s.  3 811 23 )   
T AA AGA CA CA   1 2.5  5 .7   T yro sy l D N A pho spho die ste r a se 1  (H s.  2 099 45 ) ; P o liov ir us r e c epto r r e lat e d 3  (H s.  29 391 7)  R e p lic at ion ; Cyt o sk e leton  a sso c iate d  
T TT TTC TC CC   1 2.5  3 .8   D O R A  r ev er se  st ra n d p rot e in  1  ( H s. 279 583 )  U nk no wn  
T GA GGT TT TC   1 2.5  7 .8   D y sto nin ( H s. 485 616 )  C yt o sk e leton  a sso c iat e d 
T GG AAG GC GC   1 2.5  7 .8  N a c ety lgluc o sam in y ltr an sf er a se  pr ote in ( H s. 352 622 ) ; GT P a se  act ivat in g p rot e in  1  ( H s. 255 84 )  M et a bo lism /Str e ss; Sign a l t ra n sduct io n  
C AA ATT AG GT   1 2.5  3 .8   N o m at ch   
    
D o wn re gu l ate d  Tag s      
     
Ta g  U I:  A cS IV a  U I:  m S IV Eb  Ta g  to  G e n e  M a p pin g  O u tpu tb   ( Un ige n e ID )  Fu n c tion al  C ate go ry  
     
C TG CTA AC AG  8 0.5  1 .0  P IT P NM  f am ily  m e m ber  3  (H s.1 839 83 )  Sign a l tr a n sduct io n  
G GA GGT GC TC  1 4.2  3 .8  H yp oth et ic a l p rot e in  M GC 4 093  (H s.  31 895 )   
G AG GCC AA TG  1 4.2  1 4.2  H yp oth et ic a l p rot e in  FL J339 96  ( H s.43 655 0)   
G CT ACC CT CA  1 4.2  1 4.2  N o  m atc h   
T GA AAG CA AA  1 4.2  0 .8  L O C 440 135  (H s.  37 577 6)   
G AA ATG CA GC  1 4.2  7 .5  L e uc ine  p ro line  en r ic he d pr ote o gly c an  1  ( H s. 437 656 )  C e ll pr o lif er at io n sup pr e ssor  
T CT GTC AA GA  1 4.2  1 .9  AT P  sy nth a se,  H + t r an sp ort in g, m it o cho n dr ia l F1  c om p lex ,  O  subun it ( H s.  4 091 40 )  M et a bo lism /Str e ss 
G GT CAC CA GC  1 4.2  2 .5  P h o sph o lip a se C ,  de lt a 1  (H s.  8 077 6) ; M a st er m in d lik e  3  ( D ro so ph ila)  ( H s.  44 462 7)  Sign a l tr a n sduct io n ; T r an sc r ipt io n  
G CA CAG AT TA  1 1.8  1 .3  I m p ort in  1 3 ( H s.  1 584 97 )  P r ot ein  t r af f ick in g 
T GT GGC CT CC  1 1.8  1 2.5  C 1 1o rf 2 ch ro m o so m e  1 1 op en  r e a din g f ra m e 2 ( H s.  2 775 17 )   
G TT GTC TT TG  1 1.8  1 .6  C 1 0o rf 86  Ch rom o som e  10  o pe n  r e a din g fr am e  86  (H s.  25 879 8)   
G TA CAT TG TA  1 1.8  3 .1  T r an sc r ipt ion  e lo n gat ion  f a cto r A  ( SI I )  lik e 3 ( H s.  3 117 76 )  T r an sc r ipt ion  
A GA TGG CA CA  1 1.8  0 .6  R ibo so m a l p rot e in  L 39  ( H s. 300 141 )   P r ot ein  synt he sis 
G GT GAC AG CC  1 1.8  2 .1  Glc N A c :be ta Ga l bet a  1 ,3  N  a cet y lgluco sa m iny lt ra n sf e r a se  6  (H s.  85 26 )  M et a bo lism /Str e ss 
T CA GGA AA CA  1 1.8  1 .6  D ua l sp ec if ic ity  ph o sph at a se 3  (v a cc in ia  v ir us p ho sph ata se  VH 1 r e lat e d)  ( H s. 181 046 )  Sign a l tr a n sduct io n  
T GC AAT AT GG  1 1.8  2 .1  F ibr illin  1  ( M a r fa n syn dro m e )  ( H s. 750 )  C yt o sk e leton  a sso c iat e d 
T GC CCA CA CA  1 1.8  6 .3  AT P  sy nth a se,  H + t r an sp ort in g, m it o cho n dr ia l F1  c om p lex  (H s.  1 775 30) ; T r an sc r ibe d lo c us ( H s.  44 874 1)  M et a bo lism /Str e ss 
G AA TTG GT GC  1 1.8  3 .1  C o lla ge n,  ty pe  I X ,  a lph a 1 ( H s.  1 498 09 )  St r uct ur a l 
T AG ACA TT GC  1 1.8  1 .3  N o  m atc h   
G GA TAA TG TG  1 1.8  3 .1  N o  m atc h   
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Table 4  Differentially expressed tags in Rhesus macaque GP 
 

P

a
P For all SAGE libraries, frequency of a given tag was calculated within each library and normalized per 10P

6
P. For obtaining fold differences, the frequency of a tag in one 

library was divided by the frequency of the same tag in a different library. To avoid division by 0, a tag value of 0.5 was used, whenever a tag was not detected in a 
library.  

P

b
PInformation on the putative identity of a given tag was obtained by using the tag-to-gene mapping tool at Hwww.ncbi.nlm.nih.gov/sage H. 

Numbers in bold indicate tags that were up or down regulated by >5-fold in mSIVE SAGE libraries 

U p regulated Ta gs     
     
Ta g  A cS IV : U Ia  m S IV E:U Ia  Ta g  to  Gene M a pping  O utpu t b  (Un igen e ID )   Fun cti onal  C ateg ory  

     
GTCGTGGAAA  2 3.4  1 .0  N o  m atch   
TATATATCTT  1 4.9  2 .0  N o  m atch   
GTGGAGCGGA  1 4.9  4 .1  D E A D /H  (A sp-Glu-A la-A sp /H is)  box  po lyp ept ide 30  (H s. 3 234 62)  RN A  pro cessin g 
TTTCTGGAGG  1 4.9  2 .0  M anno se ph o sp hat e  isom erase (H s. 75 694 )  M et abo lism /Stress 
TTTTACAGTA  1 2.8  4 .1  H yp oth et ical p rot ein  PT D0 04  (H s. 475 012 )   
GAGGGAGGGC  1 2.8  1 .0  CD N A  FL J26 120  f is, c lon e SY N0 041 9 (H s. 4 339 95 )   
CCGCCCGCCT  1 2.8  4 .1  N o  m atch   
GTGTGGGGTG  1 2.8  2 .0  C1 7o rf28  chromo som e 17  op en  readin g fram e 28  (H s.11 067 )   
AGAGGTTGAT  1 1.9  8 .1  H L A-A  m ajo r h isto co mp at ibility  comp lex , class I, A  (H s. 181 244 )   Imm un e asso ciated 
GCGGAGGTTG  1 1.3  2 .2  N o  m atch   
GGGCAGCTGG  1 0.7  4 .1  FL J20 512  h ypot het ical protein FL J2 051 2 (H s. 1 056 06 )   
TGTATATAGA  1 0.7  8 .1  RN A  po lym erase II , po ly p ept ide A  sm all ph o sp hat ase 1  (H s. 444 468 )   Sign al tran sduct ion  
ACTTCTCCTG  1 0.7  1 .0  N o  m atch   
CGGGTGGTAA  1 0.7  1 .0  N o  m atch   
GAAATCCAAA  1 0.7  1 .0  M yot rop h in  (H s.21 321 )  Sign al tran sduct io n  
GCAAAACTCC  1 0.7  2 .0  RE V1  like (y east )  (H s. 443 077 )   
GCTATAGGGA  1 0.7  2 .0  N o  m atch   
CACTATCCCC  1 0.7  1 .0  A ut ism  susceptibility  can didat e 2 (H s. 2 967 20 )  U nk no wn  
GAGGGTGCCA  1 0.7  2 0.4  Co mp lem ent  com pon ent  1 , q subco mpo n ent, bet a  po lyp ept ide (H s.89 86 )  Imm un e associat ed 
TATATGCCTA  1 0.7  4 .1  H E RC2 h ect  dom ain  an d RL D  2  (H s. 434 890 )  Prot ein t raff ick in g/D egradat ion  
     

D o wnregul ate d Tag s      
     
Ta g  U I:A cS IVa  U I:m S IV Ea  Ta g  to  Gene M a pping  O utpu t b (Un igen e ID )  Fun ctional  C ate go ry  
     
CTGCTAACAG  6 6.0  2 .0  PIT P NM  fam ily mem ber 3  (H s.1 839 83 )  Sign al tran sduct io n  
ACCTCAGGAA  1 8.9  2 .3  H igh  den sity  lipop rot ein  bin din g protein (v igilin)  (H s. 42 715 2)  M et abo lism /Stress 
AGGGAAAAAA  1 8.9  1 .2  Guan in e n ucleot ide bin din g prot ein  (G p rot ein ), bet a po lyp ept ide 1  (H s.30 469 4)  Sign al tran sduct io n  
AATAAAGGTG  1 7.0  4 .2  H eat  sh ock fact or  bin din g prot ein  1  (H s. 2 508 99)   M et abo lism /Stress 
TGTAAAATAA  1 7.0  1 .7  L O C400 076 , m RN A (H s. 1 315 98 )   
CTGTGTAAAG  1 5.1  1 .1  A F 1 sp ecif ic  prot ein  p ho sph atase (H s. 73 14 )  Sign al tran sduct io n  
AGGCCCAAAT  1 5.1  3 .7  K IA A14 16  p rot ein  (H s. 397 426 )  
AATAAAAAAA  1 5.1  1 .1  M edit erran ean  fever (H s.17 373 0) ; Protein t yro sin e pho sph at ase, recepto r t yp e, G (H s.89 627 )  Imm un e associat ed/Sign al t ran sduct io n  
CAGCCGTGAT  1 3.2  6 .5  N -myristoy lt ran sferase 1  (H s.3 467 43 )  M et abo lism /Stress 
ACAAGCAAAC  1 1.3  2 .8  N o  m atch   
GATGAAGACT  1 1.3  5 .6  L o ss o f het ero zy go sity , 11 , chromo som al regio n 2, gen e A  (H s. 1 529 44)  U nk no wn  
TAACCAAGAG  1 1.3  1 1.3  T ran st hyret in  (p realbum in , amy lo ido sis ty pe I )  (H s.42 720 2)  Ret ino l/St ero id Bin din g 
CAGATTAAAG  1 1.3  1 .9  N o  m atch   
AAGTGAAAAA  1 1.3  1 1.3  Rin g fin ger  protein 12  (H s. 12 212 1)  Prot ein degradat ion  
AATGAAAAAA  1 1.3  1 1.3  RA D 51  h omo lo g C (H s.412 587 )  D N A  rep air  
ACTAGTTGAT  1 1.3  1 1.3  N o  m atch   
CAGCCAAATG  1 1.3  2 .8  H ipp ocalcin  (H s.2 886 54)  Sign al tran sduct io n  
TACCAATCCA  1 1.3  2 .8  N o  m atch   
CATACCTGAA  1 0.6  2 2.6  CD N A  FL J25 076  f is, c lon e CBL 061 17  (H s.3 513 57)  
ACTAGAGAAA  9 .7  1 .0  N o  m atc h  

 



 

58 

 

 
For optimizing the PCR reactions, we tested a range of MgCl B2 Bconcentrations (1, 1.5, 2 mM) and 

a range of annealing temperatures (45P

0
PC, 55P

0
PC, 58P

0
PC, 60P

0
PC). We also attempted two techniques 

known as “hot start” PCR and “touch-down” PCR, which are designed to minimize spurious 

binding of the primer to the template and thereby reduce nonspecific amplification products. In 

hot start PCR the polymerase remains inactive until heated to 94P

0
PC minimizing low temperature 

non-specific amplification. In touch-down PCR the annealing temperature is increased or 

decreased by 2P

0
P every 2 cycles for the first 10 cycles. For the remaining cycles the annealing 

temperature is set at 58-60P

0
PC. All these strategies were attempted on a single tag, however, none 

yielded a product with a 14 bp sequence match at the tag region. We also attempted to repeat a 

published method known as GLGI P

163
P. In this method double stranded cDNA is synthesized by 

use of a biotinylated oligo (dT) primer followed by digestion with the restriction enzyme NlaIII. 

The products are ligated to linker sequences and PCR amplified in a first round reaction using 

primers specific for the linker and the oligo (dT) sequences (universal anti-sense primer) and 

PCR amplified in a second round reaction using the SAGE tag specific primer and the universal 

anti-sense primer. This approach should result in the isolation of a population of cDNAs 

representing only the 3’ ends of mRNAs, thus creating a smaller, more specific pool for 

amplification of a gene sequence associated with a particular SAGE tag. Although in theory this 

technique should enable more accurate identification of the SAGE tags, in our case the efficiency 

of obtaining a 14/14-nt match at the tag region remained low. Specifically, we attempted to 

optimize four SAGE tags by the GLGI method and compared 19 different RACE products. Out 

of them, only 2 (10%) showed a perfect match across the tag region.



 

59 

 

Table 5  Sequence comparisons between SAGE tags and RACE products at the tag region 

 
P

a 
PResult of tag-to-gene mapping using online tool at HTwww.ncbi.nlm.nih.gov/SAGETH

 

P

b
P Sequence homology across the 14 bp tag region 

P

c
P Result of BLAST search for the RACE product obtained 

P

d 
PRACE amplified sequences along with tag sequence were analyzed by BLAST 

SAGE Putative IDa Tag Sequence Length of homology across tag 
regionb 

RACE Gene IDc % homology with highest 
ranking BLAST resultd 

Putative Function 

      
      
MAP3K4 CAAATCCAAA 10 out of 14 Macaque cytochrome B 94% Stress 
      
Neurogranin TGACTGTGCT 14 out of 14 Human neurogranin 100% Signal transduction 
  10 out of 14 Human stannin 95% Mediates neurotoxicity 
      
      
Collagen, type XVIII, alpha 1 CTGCTAACAG 10 out of 14 Macaque mitochondrial dehydrogenase 

subunit 4, 5 
99% Stress 

  9 out of 14 Macaque mitochondrial cytochrome oxidase 
subunit, 1 

98% Stress 

  13 out of 17 Human brain cDNA KIAA0626 93% Unknown 
      
Unknown (2) GTCGTGGAAA 13 out of 18 Human EMS1 91% Cancer associated 
      
MHCI AGAGGTTGAT 13 out of 18 Human bleomycin hydrolase 98% Cysteine proteinase 
  11 out of 14 Human GDP dissociation inhibitor1 94% Signal transduction 
  13 out of 16 Human heat shock protein 98% Stress 
  14 out of 14 Human MHCI 99% Immune-associated 
  8 out of 13 Hypothetical protein FLJ20156 67% Hypothetical 
  12 out of 18 Human large cell hypothalamic nuclei 

protein 
93% Hypothetical 

  14 out of 14 Macaque MHCI A*11 96% Immune associated 
      
Unknown (3) CATACCTGAA 10 out of 15 Human H+-ATPaseB 97% Metabolism 
      
Unknown (1) TGGTATACCT 9 out of 14 Human thioredoxin 97% Oxidoreductase enzyme
      
General transcription factor II CCTTTCACAC 9 out of 14 Macaque mitochondrial genomic DNA 71% Stress 
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Quantification of differential gene expression by Real-time RT-PCR.  

MHCI and Nrg were two SAGE tags that were differentially expressed and for which the RACE 

products identified genes containing the exact tag sequence. To accurately quantify the levels of 

gene expression for MHCI and Nrg, real-time RT-PCR was performed using RNA extracted 

from CA and GP tissues of uninfected, AcSIV, and mSIVE rhesus macaques. Based on the 

SAGE data, the tag associated with the MHCI mRNA was predicted to be 27-fold higher in 

AcSIV versus uninfected CA and 12-fold higher in AcSIV versus uninfected GP (Table 3 and 4). 

The same MHCI tag was also predicted to be upregulated 6-fold in mSIVE CA and 8-fold in 

mSIVE GP compared to uninfected CA and GP respectively. By real-time RT-PCR, we 

compared the levels of expression of MHCI mRNA in uninfected, AcSIV, AIDS non-SIVE, and 

mSIVE animals. When group means were compared, levels of MHCI mRNA expression were 

found to be 3.5-fold higher in AcSIV CA and 6-fold higher in AcSIV GP compared to uninfected 

CA and GP, respectively (Figure 8 A). In similar comparisons, AIDS non-SIVE animals showed 

a 4.3-fold upregulation and mSIVE animals showed 5.2-fold upregulation when compared to 

uninfected CA. In GP, we found MHCI to be similarly upregulated, by 4.6-fold in AIDS non-

SIVE and 5.3-fold in mSIVE compared to uninfected animals (Figure 8 A). In CA, the group 

mean differences were statistically significant between uninfected and AcSIV (p = 0.02) and 

uninfected and AIDS (p = 0.04) but not between uninfected and mSIVE disease groups. In GP, 

the differences were statistically significant between uninfected and AcSIV disease groups only 

(p = 0.01). 
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Figure 7   Nucleotide sequence alignments of Nrg 

Alignment of sequence of Nrg RACE products obtained with the Nrg SAGE tag and corresponding human 
sequences. Alignments show a perfect 14 bp match at the primer region for Nrg clone 5a (A) and an imperfect 
match using the same primers and conditions for Nrg clone 6a, Stannin (B). Dots represent identical 
nucleotides. Sequences in blue indicates the tag regions 

Hu Nrg     CATGTGACTGTGCTGGGTTGGAATGTGAACAATAAAGAGGAATGTCCAAGTGAAAAAAAAAAAAA

Rh.Nrg.5a  CATGTGACTGTGCTG ……………………………………………………………………………………………………………………………………

Hu Nrg.5a  AAAAAAA

Rh.Nrg.5a  …………………

Hu Stannin  CATGTGACTGTGCTACTGTTTTTGTTTCAAAGCTACCAAGTTTGTGCAATAAGTGGAAGGGATG

Rh.Nrg.6a   A.A..GACTGTGCT…..A…………………………………………………………………………………………………………………………

Hu Stannin  TCATCTCTCTTCAATAAATGCTGAATGACATTCAAGTTGATTTTCTAGACCACTGAGAAAATCT

Rh.Nrg.6a    …..C………………………………………………………………………….C…………………………………………………………………………………

Hu Stannin  TTATTTACAATAAATTTCAATAAAATTTGCATAAATATAAAAAAAAAAAAAAAAAAAAAAAAAAA

Rh.Nrg.6a   ……………………………………………………………………………………………………………………………………………………………………………

Hu Stannin  AAAAA

Rh.Nrg.6a   ……………

A 

B 
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By SAGE analysis, comparing across microanatomic compartments, the Nrg tag was predicted to 

be expressed 73-fold higher in AcSIV CA versus AcSIV GP and 46-fold higher in uninfected 

CA versus uninfected GP. This tag was also predicted to be 37-fold upregulated in mSIVE CA 

compared to mSIVE GP. By real-time RT-PCR levels of Nrg mRNA were found to be 5.2-fold 

higher in acute and uninfected CA compared to acute and uninfected GP when group means 

were compared (Figure 8 B). The differences between CA and GP were statistically significant 

(p = 0.02). Therefore these real-time RT-PCR results confirmed the higher levels of expression 

of MHCI during SIV infection and of Nrg in CA relative to GP, although the levels of increase 

were not as large as what were predicted by the SAGE data. 

 In order to determine whether MHCI expression in the CNS corresponds to expression 

levels in a peripheral tissue compartment, we performed real time RT-PCR on RNA extracted 

from Ax LN. In this tissue compartment, the levels of MHCI RNA expression did not rise 

significantly in any of the disease states, with the exception of a single outlier AcSIV animal 

(Figure 8 C). Whereas in the CNS MHCI expression remained elevated in both AIDS and 

mSIVE, in the Ax LN the expression levels were low in both AIDS non-SIVE and mSIVE 

animals (Figure 8 C). No correlations were observed between the levels of MHCI expression in 

CNS CA and Ax LN and the differences between disease groups were not statistically 

significant. These findings indicate that the upregulation of MHCI in the CNS was most likely 

independent of the upregulation in peripheral Ax LN. 
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Figure 8   Differential expression of MHCI and Nrg RNA by Real time RT-PCR. 

Upregulation of MHCI was observed among disease states in the CNS (A) and Ax LN (C). Differential expression of Nrg 
was observed in the CNS CA compared to GP (B). Taqman realtime RT-PCR was performed using 40 cycles of 
amplification with 18S as endogenous control and fold changes were calculated by the comparative CBTB method.  For 
MHCI assays M5600 was used as calibrator. For Nrg assays M5600 GP was used as calibrator. For (A), GP RNA was not 
tested for 5499 and 5999. 
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Single cell analysis of differentially expressed genes.  

ISH was performed to better understand the patterns of expression of MHCI in macaque CNS 

tissues. For comparison purposes Nrg mRNA expression pattern was also examined. MHCI 

mRNA expression was higher in tissues from AcSIV and mSIVE animals when compared to 

uninfected animals (Figure 9 ). In uninfected tissues the MHCI signal was mostly localized in 

perivascular regions of the CNS. In the AcSIV and mSIVE tissues, perivascular pattern of MHCI 

expression was retained although signal was more intense. Also, in AcSIV and mSIVE, MHCI 

mRNA was observed throughout the CNS parenchyma. Nrg mRNA expression was found to be 

higher in CA of both AcSIV and uninfected samples when compared to GP, irrespective of 

disease state (Figure 11). 

ISH signals for MHCI mRNA were quantified using quantitative image capture and 

analysis (QIA) such that the surface areas of images covered by silver grains were thresholded 

and measured.P

 
PTen randomly captured microscopic fields were examined from eachP

 
Ptissue 

section hybridized with the antisense riboprobe and analyzed by QIA (Figure 10). Measuring the 

amount of silver grains over each cell, the mean surface area covered by the silver grains was 4.3 

μmP

2
P per cell in uninfected CA whereas the ISH signals in tissues from AcSIV and mSIVE 

animals were 9.4 and 16.7 μmP

2
P per cell, respectively. In GP tissues, the uninfected mean surface 

area covered by silver grains was 6.0 μmP

2
P per cell compared to the AcSIV and mSIVE, which 

were 11.7 and 12.2 μmP

2
P per cell respectively. This difference was found to be statistically 

significant (p-value of <0.01) when comparing the uninfected samples to AcSIV and mSIVE in 

both CA and GP.   
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Figure 9   Tissue expression of MHCI mRNA by ISH 

ISH were performed using MHCI specific riboprobes on CNS tissues and exposed for 3 days. Upregulation of MHCI 
mRNA was observed in uninfected (i), AcSIV (ii), and mSIVE (iii). Sense control is shown in (iv). Size bar 50 μM. 
Original magnification of images 400x.  
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Figure 10  QIA of MHC1 ISH  

QIA was performed in uninfected, AcSIV and mSIVE ISH tissues by capturing 10 random images and the amount of 
silver grains over each cell was quantified using the Metaview software. Comparing the mean values of each disease 
group, upregulation of MHCI was observed in (i) CA and (ii) GP. Bars in graphs indicate mean values for each disease 
group. * indicates p<0.05. 
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Figure 11  Tissue expression of Nrg by ISH 

Nrg specific riboprobes were used to perform ISH on CNS tissues and exposed for 3 days. Higher expression of Nrg in the 
CA area of the CNS was observed (i) compared to the GP (ii). Tissue probed with a sense control riboprobe is shown in 
(iii). Size bar at 50 μM. Original magnification 400x. 
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Characterization of MHCI expressing cells in the CNS 

To better understand the cells involved in the upregulation of MHCI mRNA in CNS tissue 

during acutely infected and mildly encephalitic stages of SIV infection, we sought to determine 

the cell types expressing MHCI mRNA. To this end, we performed combined ISH/IHC 

experiments for MHCI mRNA and cell type specific antigens (CD34, CD68, CD3, NeuN, MBP, 

and GFAP). we also characterized these MHCI mRNAP

+
P cells further in terms of their states of 

activation (HLA-DR) and cell proliferation (Ki67). For a subset of antibodies, it was difficult to 

optimize the combined ISH/IHC experiments and for these, we performed ISH and IHC in 

immediately subjacent sections of tissue. Due to limiting amounts of CA and GP tissues from the 

macaques used for the RNA studies, we used frontal cortex (FC) tissue sections for these 

analyses. By ISH we found comparable levels of virus-infected cells in this region as in the CA 

and GP of the mSIVE animals (Table 6). Two animals per disease state were used for the 

combined ISH/IHC analyses.  

MHCI/CD68 and MHCI/HLADR ISH/IHC experiments showed predominantly 

perivascular colocalization for MHCI and both CD68 and HLA-DR (Figure 12). Staining for the 

monocyte/macrophage marker CD68, we found that MHCIP

+
P/CD68 P

+
P cells increased from 2.9% of 

total cells in uninfected animals to 4.4% in AcSIV and 7.7% in mSIVE animals (Figure 13). 

Using HLA-DR (MHCII) as an activation marker, we found that the percentage of MHCIP

+
P/HLA-

DRP

+
P cells increased from 1.1% of total cells in uninfected tissues to 3.9% in AcSIV and 7.1% in 

mSIVE tissues. Although there was a distinct increase in the proportion of activated cells with 

disease progression (Figure 13), overall, a low percentage of cells were activated even in tissues 

with active viral replication (in both mSIVE animals). 
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Table 6  Presence of SIV RNA positive cells in the CNS tissues of animals used in this study 

 

 

 

P

a
PSIV RNA positive cells within each region of the CNS were graded on a +/- scale where +/- indicates 1-2 viral RNA 

positive cells, + indicates 5-10, ++ indicates 10-20, +++ indicates >20 viral RNA positive cells per tissue section. + signs 
within parentheses indicate a cluster of viral RNA positive cells within a tissue where overall SIV positive cells could be 
lower. NT, not tested. 

 

 

 

 

Animals Disease States Area of brain SIV RNA positivea 
      

5600 UI CA - 
   GP - 
   FC - 
    

6600 UI CA - 
   GP - 
   FC - 
    

5299 AcSIV CA NT 
   GP +/- 
   FC - 
    

5899 AcSIV CA NT 
   GP +/- 
   FC - 
    

0999 AcSIV CA NT 
   GP NT 
   FC +/- 
    

5499 AcSIV CA NT 
   GP NT 
   FC - 
    

5699 AcSIV CA - 
   GP NT 
   FC - 
    

5999 AcSIV CA - 
   GP NT 
   FC - 
    

6299 AcSIV CA - 
   GP - 
   FC - 
    

5199 AIDS CA NT 
   GP +/- 
   FC NT 
    

1799 AIDS CA NT 
   GP +/- 
   FC NT 
    

6199 mSIVE CA + 
   GP + 
   FC +/- (+++) 
    

6200 mSIVE CA + (+++) 
   GP +(+++) 
   FC + (+++) 
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Figure 12  Detection of MHCI mRNA expressing cells that were CD68 and HLA-DR positive 

Simultaneous ISH and IHC detection of MHCI mRNA and HLA-DR (i-iv) and CD68 (v-vii) antigens in the FC of SIV 
infected animals. In uninfected animals both CD68 and HLA-DR were expressed mostly at the perivascular regions where 
they colocalized with MHCI (i, v). In AcSIV and mSIVE, perivascular staining for MHCI and the antigens were more 
intense. Although punctuate staining for CD68 and HLA-DR were observed throughout the parenchyma in AcSIV and 
mSIVE, the colocalization of both antigens with MHCI remained primarily perivascular (ii, iii, vi, vii). Negative controls 
included tissue probed with a sense control riboprobe and stained with an isotype antibody, as shown in (iv). Size bar at 
50 μm. Original magnification at 400x. 
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Figure 13  QIA for MHCI RNA and CD68 or HLA-DR antigen positive cells. 

Semi-quantitative analysis of data obtained from simultaneous ISH and IHC experiments detecting MHC1 mRNA and 
CD68 and HLA-DR antigens in the FC of SIV infected animals. Ten random images were captured per tissue section and 
the percentage of double positive cells out of total cells was calculated. The percentage of double positive cells was found 
to increase with the progression of disease. Animal Cw03-249 showed 0% of MHCI+/HLA-DR+ cells out of total cells. 
Animals Cw03-249 and Cw03-253 were kindly provided by Dr. Clayton Wiley. 

 
 

Since MF/Mgl have been well described to be the key cell population that is likely to be 

activated during HIV/SIV infection, the MHCI-CD68 and the MHCI-HLADR cell populations 

could be overlapping. In order to compare our tissues from AcSIV and mSIVE macaques with 

those from animals with severe encephalitis, we obtained one SIVE negative (SIVE-) and one 

SIVE positive (SIVE+) macaque brain tissue sample (kindly provided by Dr. Clayton Wiley, 

Department. of Neuropathology, University of Pittsburgh). With these additional tissues we 

found the percentage of MHCI-CD68 double positive cells to increase from 2.8% of total cells in 

SIVE- to 14% of total cells in SIVE+ whereas the MHCI-HLA-DR increased from 0% of total 
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cells in SIVE- to 7% of total cells in SIVE+ (Figure 13). This again suggests that most of the 

MHCI-CD68 double positive cells are activated i.e. expressing HLA-DR in disease. 

In the macaque CNS, I found MHCI expressed at low levels even in uninfected animals. 

In uninfected tissues MHCI mRNA was localized almost exclusively in association with the 

vasculature. ISH and IHC on subjacent sections showed that the cells expressing MHCI were 

endothelial (Figure 14). In AcSIV and mSIVE, the endothelium continued to express MHCI 

mRNA however, in these infected tissues, additional cell types in the CNS were also found to 

express MHCI mRNA (Figure 15). During AcSIV the mean percentages of neurons (NeuN+) 

expressing MHCI mRNA increased from 6.9% in uninfected to 21% in AcSIV. This number 

decreased slightly to 16.2% in the mSIVE animals (Figure 16). The mean percentages of 

oligodendrocytes (MBP+) expressing MHCI mRNA increased from 4.8% in uninfected to 13% 

in AcSIV and further increased to 22 % in mSIVE (Figure 16). Finally, the numbers of astrocytes 

(GFAP+) that were also positive for MHCI mRNA did not show many changes in the different 

disease states. The mean percentages of MHCI+/GFAP+ cells were found to be 11.4%, 10.2%, 

and 14.2% in uninfected, AcSIV, and mSIVE respectively (Figure 16). These findings indicate 

that the expression patterns of MHCI mRNA alter during SIV infection. Whereas in uninfected 

tissues MHCI mRNA is mostly expressed at the perivascular regions by endothelial cells, in 

AcSIV and mSIVE neurons, oligodendrocytes, and astrocytes, can all express MHCI. 

In addition, we observed a limited number of proliferating cells based on Ki67 positivity 

that slightly increased during AcSIV and mSIVE (Figure 17). In uninfected tissues Ki67 positive 

cells were rare located both at the vasculature and scattered through the parenchyma. In AcSIV 

and mSIVE increased numbers of Ki67 positive cells were observed in both of these locations 

particularly in the parenchyma. We also observed a limited number of CD3 positive T cells 
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present during AcSIV and mSIVE mostly around the vasculature (Figure 18). The numbers of 

CD3+ cells increased slightly in AcSIV and mSIVE animals but expression patterns remained 

perivascular. Some of these limited numbers of Ki67 and CD3 positive cells particularly around 

the perivascular regions were likely to be expressing MHCI mRNA. However since these cells 

were so few in number they were not likely to be the major producers of MHCI mRNA in these 

animals. 

 

MHCI mRNA expression in other models of SIV encephalitis.  

As described earlier, for the majority of these studies, we used an infection model in which 

rhesus macaques were infected with SIV/DeltaB670. Using this system, none of the animals 

became severely encephalitic and only two could be categorized as mildly encephalitic by SIV 

ISH and CD68 IHC methods. To determine if the MHCI upregulation that was observed in this 

model was reflected in other established models of SIV encephalitis, we examined MHCI 

expression in two other established models of SIVE. 

We were able to obtain RNA extracted from the BG of two each of AcSIV, AIDS non-

SIVE and SIVE samples from rhesus macaques that had been depleted of CD8 T cells, (kindly 

provided by Dr. Clayton Wiley, Department of Neuropathology, University of Pittsburgh). In 

addition we obtained RNA extracted from the CA from two each of uninfected, AcSIV, AIDS 

non-SIVE and SIVE pigtailed macaques that were coinoculated with TSIV/17E-Fr SIV/DeltaB670 

(kindly provided by Dr. Joseph Mankowski, Department of Comparative Medicine, Johns 

Hopkins University).T 
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Figure 14  Detection of MHCI mRNA expressing cells that are CD34 positive. 

Subjacent tissue sections were probed with MHCI specific riboprobe and stained with anti-CD34 antibody. MHCI mRNA 
was found to colocalize with CD34 positive endothelial cells in uninfected (i-ii), AcSIV (iii-iv) and mSIVE (v-vi). Negative 
control tissue probed with a sense orientation MHCI riboprobe is shown in (G). Size bar at 50 μm. Original magnification 
400x.  
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Figure 15  Detection of MHCI mRNA and NeuN, MBP, GFAP double positive cells in SIV infection. 

Simultaneous ISH and IHC for the detection of MHCI mRNA and NeuN+ neurons (i-iii), MBP+ oligodendrocytes (iv-vii), 
and GFAP+ astrocytes (vii-ix) in the FC of SIV infected macaques with (x) showing a negative control probed with a sense 
orientation riboprobe and stained with isotype control antibody. A small number of neurons, oligodendrocytes, and 
astrocytes were found to express MHCI mRNA in uninfected animals (i, iv, vii). The percentages of double positive cells 
out of total number of cells for NeuN and MBP increased in infection (ii-iii, v-vi) whereas the proportion of MHCI 
mRNA+ cells that were GFAP positive remained relatively unchanged. Size bar at 50 μm. Original magnification 400x. 

 



 

76 

 

 

 

Figure 16  QIA for MHCI mRNA and NeuN, MBP, and GFAP double positive cells. 

Semi-quantitative analysis of data obtained from simultaneous ISH and IHC experiments detecting MHCI mRNA and 
NeuN, MBP and GFAP antigens in the FC of SIV infected macaques. Ten random images were captured per tissue 
section and the percentage of double positive cells out of total cells was calculated. QIA showed an increase in percentages 
of double positive NeuN and MBP in AcSIV decreasing slightly in mSIVE. For GFAP, the mean percentages of double 
positive cells remained more or less unchanged with disease progression. 
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Figure 17  Detection of cells positive for MHCI mRNA and Ki67 antigen in SIV infected CNS 

ISH and IHC on subjacent tissue sections detected limited number of Ki67 positive cells in the CNS parenchyma of 
uninfected animals (i-ii). These numbers were found to increase slightly in AcSIV (iii-iv) and mSIVE (v-vi). Limited 
colocalization of MHCI and Ki67 was observed. Negative control tissue probed with a sense orientation riboprobe is 
shown in (vii). Size bar 50 μm. Original magnification 400x.  
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Figure 18  Detection of cells positive for MHCI mRNA and CD3 antigen in SIV infected CNS  

ISH and IHC on subjacent tissue sections detected rare CD3 positive T cells in the CNS of uninfected animals (i-ii). These 
numbers were found to increase slightly in AcSIV (iii-iv) and mSIVE (v-vi) particularly around the perivascular regions. 
Limited colocalization of MHCI and CD3 was observed. Negative control tissue probed with a sense orientation riboprobe 
is shown in (vii). Size bar 50 μm. Original magnification 400x.  

 



 

79 

 

 

TComparing group mean levels in the macaques coinoculated with SIV/17E-Fr 

SIV/DeltaB670, MHCI mRNA expression increased by 11.3-fold in AcSIV but only a 2.8-fold 

increase was observed in AIDS non-SIVE animals when compared to uninfected (Figure 19 A). 

In SIVE animals a group mean increase of 49-fold was observed when compared to uninfected 

macaques. However, this high value was mostly due to a single animal producing high levels of 

MHCI mRNA (Figure 19 B). The differences between the uninfected and AIDS groups were 

found to be statistically significant (p = 0.02). In the BG of CD8-depleted macaques MHCI was 

found to be upregulated 7-fold in AcSIV, 2.5-fold in AIDS non-SIVE and 10-fold in SIVE 

relative to uninfected tissues when group means were compared and no statistical significance 

was observed. Therefore although only 2 animals per group were used for both of these models, 

overall, a trend toward MHCI mRNA upregulation was observed in the AcSIV and SIVE 

animals.  T  
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Figure 19  Differential expression of MHCI mRNA in established models for SIV encephalitis.  

MHCI upregulation was observed in the CA of coinoculated pigtailed macaques T(A) and TBG of CD8-depleted rhesus 
macaques (B). For (A), two animals were used for each group with the exception of uninfected where four animals (2 from 
our cohorts) were used. For (B), two animals for each group were used but RNA from one AIDS animal did not amplify. 
Taqman realtime RT-PCR was performed using 40 cycles of amplification with 18S as endogenous control and fold 
changes were calculated by the comparative CBTB method.  M5600 was used as a calibrator for both data sets.  

 
 

 

0

5

10

15

20

25

30

35

40

45

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

Uninfected AcSIV                           AIDS                           SIVE

0

2

4

6

8

10

12

14

16

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

Uninfected AcSIV                                 AIDS                    SIVE

A

B

0

5

10

15

20

25

30

35

40

45

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

Uninfected AcSIV                           AIDS                           SIVE

0

5

10

15

20

25

30

35

40

45

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

Uninfected AcSIV                           AIDS                           SIVEUninfected AcSIV                           AIDS                           SIVE

0

2

4

6

8

10

12

14

16

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

Uninfected AcSIV                                 AIDS                    SIVE

A

B

0

2

4

6

8

10

12

14

16

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

Uninfected AcSIV                                 AIDS                    SIVE

0

2

4

6

8

10

12

14

16

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

0

2

4

6

8

10

12

14

16

Fo
ld

 C
ha

ng
es

 in
 M

H
C

I m
R

N
A

 E
xp

re
ss

io
n

Uninfected AcSIV                                 AIDS                    SIVEUninfected AcSIV                                 AIDS                    SIVE

A

B



 

81 

 

 

Local and systemic expression of cytokines, TLRs and ISGs 

The MHCI upregulation that I observed might indicate a state of immune activation in the CNS. 

To better understand the mechanisms responsible for the CNS immune activation possibly 

leading to the development of encephalitis and dementia, we focused our attention to the study of 

the expression patterns of molecules that might be responsible for the MHCI upregulation. Some 

of the molecules that respond to pathogen invasion and cause early immune activation of the 

CNS are proinflammatory cytokines IL-1β, TNF-α, and IL-6 P

191-193
P. Other molecules that have 

been described to cause upregulation of MHCI are IL-2, IL-12, and IFNγ P

194
P.  IFNα and IFNβ 

are antiviral molecules that are expressed early during infection and they activate innate and 

acute phase response immune molecules and can cause upregulation of MHCI P

194
P. We also 

studied the expression patterns of a number of ISGs, which are induced by IFNα and IFNβ and 

participate in innate antiviral immune responses P

195
P. The ISGs we studied were G1P3, MxA, 

OAS2, interferon induced protein tetratricopeptide repeats 1 (IFIT1), interferon induced protein 

tetratricopeptide repeats 2 (IFIT2), interferon alpha inducible protein 27 (IFI27), myxovirus 

influenzae resistance 2 (MxB), and oligoadenylate synthetase like (OASL). These particular 

ISGs were selected because they were found to be upregulated in SIV infected lung tissue in a 

different study in our laboratory (Dr. D.H.Kim, Reinhart laboratory, unpublished observations). 

TLRs form a major group of pattern recognition receptors of the innate immune system 

that sense molecular patterns on microbes. Although TLRs have been described in the past as 

being involved in bacterial infections, TLR2 and TLR4 have both been recently described to be 

involved in herpes simplex virus (HSV) encephalitis and respiratory syncytial virus (RSV)P

196,197
P. 
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We investigated the differential expression of these two TLRs in our SIV-infected macaque CNS 

to see if these genes might be playing a role in the CNS immune activation that we observe. 

 To examine potential upstream mediators of MHCI upregulation, we studied the 

expression patterns of IL-6, IL-1β, IL-2, IL-12, TNFα, IFN α, IFN β, and IFN γ, by real-time 

RT-PCR. For all real-time RT-PCR experiments, RNA from uninfected animal M5600 was used 

as a calibrator, 18S rRNA was used as endogenous control and all reactions were amplified for 

40 cycles.  

No detectable expression was observed for IL-6, IL-12, IL-2, IFNα, IFNβ, IFNγ, and 

TLR2 in the CNS (Table 7). Consistent with these findings, ISH also showed no positive signal 

for IL-6, IL-12, IL-2, IFNγ, and TNFα (data not shown). In the case of IFNα and IFNβ, controls 

that lacked reverse transcriptase amplified to similar CBTB values as samples subjected to reverse 

transcription. This was most likely due to genomic DNA contamination of the RNA samples 

used. Unfortunately, due to limiting amount of tissue to extract RNA, the genomic DNA could 

not be removed enzymatically without the risk of losing a majority of the RNA during clean up. 

For these reasons the results were therefore uninterpretable for these genes.  
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Table 7  Differential expression of cellular genes by Real time RT-PCR 

 

P

a
P Fold change in expression given by 2P

-ΔΔC
PBT B  

P

x
P Not tested 

P

-
P Not detected after 40 cycles of amplification 

P

g
P Not calculated due to genomic DNA contamination of RNA samples  

 

 

Expression of IL-1β mRNA was detectable but other than one mSIVE animal, no 

upregulation was observed (Table 7). For TLR4 mRNA large fold differences were not observed 

when comparing group means. However, the differences were significant between uninfected 

and AcSIV animals (p = 0.05) (Table 7).  

Out of the eight ISGs that I investigated, I observed elevated expression levels of MxA, 

OAS2, and G1P3 in both CNS and Ax LN (Figure 20). All three molecules have previously been 

shown to have antiviral activity associated with early interferon-mediated immune response P

198-

  
 
 2-ΔΔC

T
a                                  

Animals Disease State IL-1β TNFα IL-6 IL-2 IL-12 IFNα IFNβ IFNγ TLR2 TLR4 G1P3 IFIT1 IFIT2 IFI27 MxA MxB OAS2 OASL

5600 
 

UI 1.0 - - - - g g - - 1.0 1.0 g g - 1.0 g 1.0 g 

6600 
 

UI 3.4 - - - - g g - - 1.7 0.4 g g - 0.8 g 0.3 g 

5899 
 

AcSIV 2.0 - - - - g g - - 2.3 0.6 g g - 4.0 g 0.0 g 

0999 
 

AcSIV 2.0 - - - - g g - - 4.6 3.6 g g - 1.8 g 0.0 g 

5499 
 

AcSIV 2.6 - - - - g g - - 5.5 2.3 g g - 0.9 g 0.0 g 

5699 
 

AcSIV 3.8 - - - - g g - - 2.5 16.2 g g - 77.8 g 2.6 g 

5999 
 

AcSIV 6.2 - - - - g g - - 1.3 3.3 g g - 1.0 g 0.0 g 

6299 
 

AcSIV 2.6 - - - - g g - - 2.7 12.0 g g - 1.7 g 0.6 g 

5199 
 

AIDS x x x x x x x x x x 49.2 x x x 3.9 x 5.1 x 

1799 
 

AIDS x x x x x x x x x x 72.5 x x x 12.7 x 6.7 x 

6199 
 

mSIVE 13.1 - - - - g g - - 1.1 5.6 g g - 37.4 g 6.6 g 

6200 
 

mSIVE 3.8 - - - - g g - - 0.8 3.3 g g - 59.6 g 4.3 g 
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201
P. In CA, G1P3 mRNA was found to be upregulated in AIDS compared to other disease states. 

Comparison of the group means revealed an increase in G1P3 mRNA expression of 9.0-fold 

during AcSIV, 87.0-fold during AIDS non-SIVE and 6.4-fold during mSIVE (Figure 20 A).  

Group mean expressions of OAS2 mRNA levels were elevated by 2.5-fold during AcSIV, 9.4-

fold during AIDS and 8.6-fold during mSIVE (Figure 20 B). Mean expression levels of MxA 

mRNA were found to be the most upregulated in mSIVE (55.0-fold) compared to 16.5-fold in 

AcSIV and 9.4-fold in AIDS (Figure 20 C).  

Since elevated expression of G1P3, OAS2, and MxA was found in the CNS, we also 

investigated whether these three mRNAs were upregulated systematically. Mean expression 

levels of G1P3 mRNA was the highest in the two AcSIV animals (70.0-fold upregulated) then 

lower again in AIDS non-SIVE (20.0-fold upregulated) and mSIVE (10.0-fold upregulated) 

relative to uninfected samples (Figure 20 A). Mean expression levels of OAS2 were found to 

increase by 24.0-fold in AcSIV and remain at similar levels in AIDS and mSIVE. (Figure 20 B). 

MxA was upregulated by approximately 8.0-fold in AcSIV and mSIVE and by 15.2-fold in 

AIDS (Figure 20 C). These data indicate that during SIV infection, expression of ISGs G1P3, 

OAS2, and MxA are elevated both in the CNS and in the Ax LN. Although the data for all three 

genes indicated a trend toward upregulation, statistical significance was not achieved.  

.  
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Figure 20  Differential expression of ISGs in CA and Ax LN  

Upregulation of (A) G1P3 (B) OAS2, and (C) MxA mRNAs was observed by real-time RT-PCR. Each bar represents a 
single animal. Analyses of Ax LN total RNAs were not performed for AcSIV animals 5899, 0999, 5499, and 5999. 
Expression of OAS2 mRNA was undetectable in the CA tissue RNAs of the same four animals, which has been denoted by 
“nd”. Taqman real-time RT-PCR was performed for OAS2 and MxA RNAs using 40 cycles of amplification with 18S as 
endogenous control and fold changes were calculated by the comparative CBTB method. RNA from uninfected animal 
M5600 was used as a calibrator. For G1P3 sybrgreen real-time RT-PCR was performed with all other conditions kept the 
same as the assays for OAS2 and MxA mRNA 
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In the CNS, MxA mRNA levels were found to correlate with viral loads in plasma and in Ax LN 

as well as IFNα levels in Ax LN (r = 0.8, 0.7, 0.7 respectively with p-values<0.01). No 

correlations were observed between G1P3 and OAS2 mRNA levels and viral loads. Levels of all 

three ISGs in Ax LN were also not found to correlate with viral loads or with their respective 

expression levels in the CNS. Taken together, we found upregulation of ISGs G1P3, MxA, and 

OAS2 both in the CNS and in the Ax LN. Although these molecules have been shown to have 

antiviral activities, no correlations between elevation of these molecules and reduction of viral 

levels were observed. This suggests that high systemic levels of IFNα/β might stimulate the 

expression of ISGs in multiple tissue compartments. These ISG molecules, like MHCI, might be 

acting as markers for immune activation, both systematically and within the CNS. 
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F.  Discussion 

In an attempt to identify differentially expressed genes in an unbiased manner in the CNS of 

SIV-infected rhesus macaques, we performed SAGE in the CA and GP regions of uninfected, 

acutely infected and mildly encephalitic animals. We focused mainly on changes in gene 

expression that occurred when local viral replication was absent or at low levels because none of 

the animals in our cohort developed encephalitis. Based on the SAGE data we found differential 

expression among tags that were putatively identified through in silico matching with human 

nucleotide sequence databases, as molecules related to immune-associated functions, signal 

transduction, metabolism/stress related pathways, cytoskeleton-associated, 

replication/transcription/RNA processing, protein synthesis/trafficking/degradation. However, 

attempts to confirm the identities of the genes from which these tags came were not highly 

successful despite intense efforts by three investigators within Dr. Reinhart’s laboratory.  

Follow-up studies on two tags, MHCI (differentially expressed between disease states) 

and Nrg (differentially expressed between microanatomic compartments) by RACE and 

sequence analysis confirmed their identities. However, overall the RACE procedure was found to 

be inefficient when looking for a perfect 14-nt sequence match in the tag region of the cloned 

and sequenced RACE product with the most homologous human sequence identified by BLAST 

analysis. This 100% homology across the 14-nt tag sequence was considered to be a logical 

criterion to confirm the identity of a gene represented by a specific tag. Among the PCR 

optimizations we attempted in order to increase the success of the RACE procedure, was the use 

of anchored primers with redundancy at either end, optimization of the annealing temperatures 

for PCR and attempt at a “hot start” PCR and a “touchdown PCR”, all with similar inefficient 

results. Recent papers by Chen et al. P

163,202
P, described a process called GLGI developed as a 
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high-throughput modified RACE method to identify SAGE tags accurately and efficiently. In our 

hands, however, the GLGI procedure was no more successful than RACE. 

The difficulties we have encountered with analysis of SAGE might be due to several 

factors. In this paper, we were, for the first time, attempting to perform cross-species analyses 

comparing macaque-derived tags to human nucleotide sequence databases. Although, the 

macaque and human sequences are highly homologous, when looking for a specific 14-nt match, 

even a 1-nt difference might create difficulties in obtaining a correct tag-to-gene output. 

Technical issues such as errors due to either mutations during PCR or during sequencing 

although likely to be infrequent, cannot be ruled out and such errors can produce the wrong tag-

to-gene output. Based on our results, we do not believe that the widely used SAGE tag-to-gene 

tool is an effective tool when performing cross-species analyses for the identification of the 

genes containing the SAGE tags. Therefore, until a macaque database is available for 

comparison, it will be necessary to conduct extensive confirmation studies using other 

experimental procedures. A recently published paper by Keime et al. describes a bioinformatics 

tool that facilitates cross-species analysis of SAGE tags P

176
P. The method is based on identifying 

transcript sequence pairs that are putatively orthologous between two species. How well this tool 

functions remains to be seen.  

The limitations we encountered in obtaining a perfect 14-nt match at the 3’ end of the 

RACE products relative to the most highly homologous human sequence obtained by BLAST 

analysis, might simply be due to the difficulties associated with performing PCR using such a 

short primer sequence which likely reduces the specificity of the amplification. It is possible that 

these genes were amplified by RACE because they were abundantly expressed in the tissues. 

Also this might be due to the homology of a short stretch of sequence in the gene with the 3’ end 
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of the 14-nt primers causing these genes to be amplified. Even though most of our RACE 

products did not show a perfect 14-nt match at the tag region, these genes, like the SAGE tag-to-

gene output, could also be roughly categorized into immune-associated, signal transduction, 

metabolism/stress, replication/transcription/RNA processing and protein 

synthesis/trafficking/degradation associated genes. 

A seperate study in our laboratory points toward the possibility of mismatches within the 

14-nt tag region when comparing macaque and human sequences. In this study cDNA libraries 

were created using the same mRNA pools that were used to generate the SAGE data. These 

libraries were then probed using the 14 bp tag sequence generated by SAGE. When the macaque 

sequence from the cDNA libraries were compared with the published human sequences, it was 

found that the tag region at the 3’UTR often did not have a perfect sequence homology between 

the two species (Dr. D. H. Kim, manuscript in preparation). Therefore, without a macaque 

sequence database that can be used to analyze SAGE tags, the method of tag-to-gene mapping 

will be an incomplete and suboptimal tool for gene identification. 

The SAGE tags specific for MHCI and Nrg were confirmed as MHCI and Nrg by RACE 

and sequence analyses. Nrg is a postsynaptic protein kinase substrate that binds to calmodulin 

and is thought to play an important role in learning, memory, and neuroplasticity P

188
P. Nrg has 

previously been described to be microanatomic compartment specific. Represa et al. found Nrg 

to be expressed in the cerebral cortex but not in the thalamus or cerebellum of normal adult rats 

P

189
P. Nrg has been found to show region-specific upregulation in multiple SAGE CNS libraries 

(http://www.ncbi.nlm.nih.gov/SAGE). For example, Sui et al. found the same Nrg tag as ours 

(TGACTGTGCT) to be upregulated in cerebral cortex compared to thalamus and cerebellum P

190
P.  

In these studies Nrg was not differentially expressed in disease but within microanatomic 
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compartments and I followed up on this gene as a technical control. However, we have also 

shown for the first time the differential expression of Nrg in CA relative to GP in the rhesus 

macaque CNS. 

The MHC I molecule is an important component of the immune system, particularly for 

antigen-specific T cell lysis of target cells via interactions between the T cell receptor and a 

MHC I /peptide complex on the target cell. In the normal CNS MHCI expression is low but is 

upregulated during an inflammatory response P

203-205
P. In the CNS, the potential candidates for 

MHCI expression are MF/Mgl, endothelial cells, astrocytes, oligodendrocytes, and neurons P

203-

206
P. There are multiple reports of MHCI expression by brain MF/Mgl, particularly perivascular 

cells, in a variety of inflammatory conditions including HIV infection P

207
P. Both endothelial and 

perivascular cells are likely to be important for antigen presentation since they lie at the BBB 

through which both the virus and the immune cells must enter. In our studies we observed high 

levels of MHCI mRNA expression in the vascular/perivascular regions of the brain. However, 

simultaneous ISH/IHC detection analyses for CD68 revealed approximately 2-fold upregulation 

of MHCI P

+
P/CD68P

+
P cells comparing uninfected and AcSIV animals, and a 4-fold upregulation 

comparing uninfected and mSIVE animals. Although there was upregulation, only approximately 

8% of total cells were MHCI P

+
P/CD68 P

+ 
Peven in the inflammatory mSIVE state. Nevertheless, with 

8% of CNS cells in a given microanatomic compartment being potentially activated 

MO/MF/Mgl, there may be dramatic changes to the local immunological environment. ISH and 

IHC of subjacent sections showed that in uninfected tissues MHCI mRNA were expressed by 

endothelial cells with the expression levels becoming elevated during disease. Astrocytes, 

oligodendrocytes, and neurons have all been reported to be capable of MHCI expression 

particularly in in vitro studies, but also in some in vivo studies P

203,205,206,208
P. Neurons have been 
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reported to express MHCI mRNA but not necessarily a functional MHCI protein P

206,209
P. MHCI 

expression in certain subsets of neurons in developing and mature brain has been described as a 

requirement for CNS remodeling and synaptic plasticity P

210,211
P suggesting that this molecule has 

neurodevelopmental functions other than antigen presentation. Electrically silent neurons, such 

as those damaged by inflammation, have been shown to express MHCI, possibly to facilitate 

recognition by the immune system and subsequent elimination P

206,212
P. Therefore MHCI expressed 

by neurons could have other functions than the classic antigen presentation. In the studies 

described here, we have observed an increase in the percentages of neurons, and 

oligodendrocytes expressing MHCI, particularly during the acute phase of infection when 

replicating virus is not detectable locally. However systemic viral replication leading to 

increased plasma virus levels and immune factors could act on the CNS particularly at the 

vasculature due to higher numbers of infected MO trafficking through the BBB and entering the 

CNS. 

The upregulation of MHCI and Nrg mRNA that we observed in our studies was much 

less than that predicted by the SAGE data. One reason for this could be that the macaque SAGE 

tag that were determined to be MHCI or Nrg by using a human sequence database, could 

represent multiple genes in the macaque genome, therefore showing a higher value of 

upregulation. The human MHCI gene has been found to be upregulated in other SAGE libraries 

including several of CNS origin (http://www.ncbi.nlm.nih.gov/SAGE). However, the particular 

tag representing the MHCI gene that we found to be upregulated in our SAGE libraries 

(AGAGGTTGAT) was not as abundant in the CNS as were some of the other tags that were 

predicted for the same gene (HThttp://cgap.nci.nih.gov/SAGE/BrainViewer TH). This particular tag was 

present in brain medulloblastoma (SAGE brain medulloblastoma B 98 04 P494) and astrocytoma 
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libraries (SAGE brain astrocytoma grade II B H563) as well as non-CNS libraries created from 

AIDS-KS lesions (KS 48) and malignant carcinomas (SAGE breast carcinoma CL 

MDA435H48). Nrg has also been found to be upregulated in multiple CNS SAGE libraries. As 

already mentioned, Siu et al. P

190
P found Nrg to be 74-fold differentially expressed in the cerebral 

cortex compared to both the thalamus and the cerebellum. However, when they performed 

quantitative RT-PCR to confirm their results, the fold differences did not match the SAGE 

predictions showing 300-fold upregulation compared to the cerebellum and only 6-fold 

upregulation compared to the thalamus. Therefore, this lack of correlation between SAGE 

prediction of upregulation of a gene and the actual upregulation of the gene determined 

experimentally by other means is not limited to cross-species studies and has been observed by 

others as well. This could simply be the result of the difference in experimental approaches 

between SAGE and other quantitative assays. The 14-nt based “short” SAGE procedure has also 

been reported to result in some redundancies i.e. multiple matches for a single tag sequence, that 

are eliminated by the long SAGE approach P

213
P which, due to the longer tag sequence presumably 

allows for more accurate tag-to-gene identifications. 

The CNS is a complex heterogeneous tissue where genes expressed at low abundance, 

can often be functionally important P

214
P. Also, due to the homeostatic balance that exists in the 

CNS, relatively small changes (i.e. 2-fold or less) are common and can be of great significance to 

altered brain functions P

214
P. Therefore, although we observed a small upregulation of MHCI 

mRNA expression by real-time RT-PCR and ISH, it is possible that this nevertheless is 

biologically significant. There is evidence that SIV enters the CNS as early as 7 dpi but no 

productive infection is seen by 14 dpi. Re-emergence of virus, either by reactivation of latently 

infected cells or by less controlled trafficking of infected MO through the BBB, occurs during 
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AIDS. In our cohort, at 14 dpi, we see evidence of MHCI upregulation. It is possible that the 

MHCI upregulation that we see is a marker for a general immune activation. In the CNS, MHCI 

mRNA levels were found to be elevated during acute infection and remained high in AIDS and 

mSIVE, suggestive of a persistent state of immune activation. In the CNS a number of the cells 

expressing high levels of MHCI mRNA are endothelial, located at the junctions of the BBB. I 

found MHCI levels in the CNS correlated with viral load in blood and Ax LN suggesting that 

virus in the periphery could potentially affect the CNS endothelium and cause immune activation 

even though no replicating virus is observed in the CNS. Both virus and/or cellular factors in the 

blood could potentially affect the CNS endothelium due to its location at the interface of the 

periphery and the CNS. Cellular factors that can affect the expression of MHCI locally and 

systematically are cytokines and cytokine-induced genes such as ISGs. The SAGE predicted 

genes as well as several of the RACE products were found to be metabolism/stress related 

suggesting that there is some immune activation and stress present in the CNS as early as 14 dpi. 

Therefore, after initial viral entry, some level of immune activation might persist in the CNS, 

which then increases during AIDS when peripheral immune control is lost. This is also validated 

by the fact that MHCI is upregulated in the majority of the cell populations within the CNS even 

when local viral replication is absent. During this phase, systemic viral loads are very high and it 

is conceivable that at least some of the CNS immune activation is a result of a widespread 

systemic immune activation. 

Further proof of a state of immune activation of the CNS comes from our studies with 

interferons and ISGs. In characterizing the immune environment of the CNS, we found that the 

levels of proinflammatory cytokines were undetectable in AcSIV, AIDS non-SIVE and mSIVE 

animals. In addition, we did not observe detectable levels of IFNα mRNA in the CNS. It is 
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possible that the expression levels of IFNα mRNA in the CNS were simply very low in the 

animals studied here and below the limits of detection in our assays. In a recent study, Roberts et 

al. P

178
P examined macaques infected with SIVmac182 that were CD8-depleted to induce rapid 

development of encephalitis. They detected IFNα  mRΝΑ in the CNS during acute infection, but 

observed no changes in the expression levels between acute, asymptomatic and encephalitic 

disease states. In this same study elevated levels of ISGs were found in the CNS even in the 

absence of changes in the local IFNα expression levels. However plasma levels of IFNα mRNA 

did show an increase. Therefore, systemic immune activation can potentially cause an activation 

and upregulation of immune molecules in the CNS. Although the data from our IFNα and β real-

time RT-PCR assays were uninterpretable, ISG mRNAs MxA, OAS2, and G1P3 were 

upregulated suggestive of an ongoing interferon-mediated immune response.  

Mx proteins are interferon induced GTPases that appear to detect viral infection by 

sensing the presence of nucleocapsid-like structures and sequestering them so that assembly of 

new viruses is inhibited P

199
P. In humans there are two distinct Mx proteins, MxA and MxB and 

only MxA has been ascribed with antiviral activity P

199
P. The expressions of Mx proteins are 

induced by IFN-α/β via the Jak-Stat signaling pathway and not directly by double stranded viral 

RNA P

200
P. The MxA protein has been found to have antiviral activity against multiple members of 

the Orthomyxo, Paramyxo, Rhabdo, and Bunyaviridae families P

200
P. A study by Abel et al. P

215
P 

have found high viral loads associated with increased MxA levels in both acute and chronic 

infection suggesting that elevated levels of MxA were unable to control viral replication. 

Bosinger et al. also found robust induction of ISGs including MxA, OAS2, and G1P3, without 

any reduction in viral loads in the PBMC of SHIV89.6P infected cynomolgus macaques P

216
P. I 

observed a similar pattern in our studies where elevated levels of MxA were present in spite of 
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high viral levels (Figure 20 C). Also, with the exception of one AcSIV animal, the levels of MxA 

in the CNS were higher during mSIVE when replicating virus was present (Figure 20 C). The 

MxA mRNA levels in the CNS were strongly correlated to viral loads in plasma and Ax LN as 

well as to IFNα levels in Ax LN. Therefore, in our SIV infected macaques, MxA upregulation in 

the CNS could be due to high levels of virus and IFNα in the blood. As in other studies, MxA 

was present in spite of high viral loads possibly acting as a marker for IFN-mediated immune 

response. 

The 2’5’OAS is constitutively expressed in normal cells in an inactive form and can be 

upregulated by IFN-α/β, IFN-γ, and viral dsRNA P

201
P. In humans, three forms of OAS (OAS1, 2, 

3) as well as several OAS-like (OASL) or OAS-related proteins (OAS-RP) have been described 

P

201
P. The 2’5’OAS catalyzes the synthesis of short 2’-5’ oligoadenylates and activates latent 

endoribonuclease RNAseL which then degrades the viral RNA. The antiviral activities of OAS 

proteins have been well described for multiple viruses including Herpes simplex virus and the 

Encephalomyocarditis virus P

200
P. In our studies I observed high levels of OAS2 in the Ax LN in 

spite of the high viral load. The upregulation was lower in the CNS and a correlation with plasma 

or Ax LN viral loads was not observed. HIV has been shown to inhibit the RNAseL pathway by 

inducing the synthesis of an RNAse L inhibitor RLI P

200
P. It is therefore possible that although 

OAS2 is upregulated, the virus causes a block further down in the pathway thereby neutralizing 

any antiviral effects. HIV-1 Tat protein and TAR RNA has also been described to inhibit PKR, 

another important ISG molecule P

200,215
P. Therefore it is conceivable that SIV gene products can 

inhibit antiviral actions of ISGs and are therefore able to persist in the presence of IFN-α/β 

mediated immune response.  
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G1P3 is an ISG whose mode of action is not well understood. It has been found to be 

upregulated during Hepatitis C virus infection and has been shown to have some antiviral 

activities against HCV P

198
P. In related studies in our laboratory we have observed an upregulation 

of G1P3 in the lung tissue during SIV infection (Dr. D.H.Kim, unpublished observations). A 

study by Baca et al., demonstrated that whereas OAS and MxA could be induced by both HIV 

and IFNα, G1P3 could be upregulated only by IFNα and not directly by HIV P

217
P. In our studies 

we observed upregulation of G1P3 in the CA particularly in the AIDS non-SIVE animals. In the 

Ax LN of two AcSIV animals and two AIDS animals, we observed high G1P3 mRNA levels that 

correlated with high levels of IFNα in these same animals (data not shown). However, no clear 

pattern was observed comparing Ax LN IFNα levels with CA G1P3 levels.  

Comparing our observations with other studies it seems that the IFN-mediated immune 

response can be systemic, occurring when systemic viral loads are high, which can cause the 

cells in the CNS particularly those at the BBB to be affected. In accordance with this, we 

observed cells at that region, endothelial cells and perivascular MF, expressing high levels of 

MHCI mRNA, possibly as a marker for immune activation. In fact, MHCI has previously been 

found to be upregulated by IFNα, IFNβ, and IFNγ and described as an ISG P

218,219
P. In addition, 

we observed high levels of HLA-DR positive cells in the perivascular regions of the CNS 

suggesting they are in an activated state. The MHCI levels in the CNS were also found to 

correlate strongly with viral loads in plasma and Ax LN.  

In summary, using SAGE and follow-up approaches, we have identified MHCI to be 

upregulated both in AcSIV and mSIVE brain tissues. We have further characterized MHCI to be 

expressed by endothelial cells irrespective of disease states but upregulated particularly during 

acute infection by MF/Mgl, neurons, astrocytes, and oligodendrocytes. These data suggest that 
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the CNS can be in a state of immune activation during the acute phase of infection even when 

local viral replication is absent or at low levels. These data also point toward a strong systemic 

interferon-mediated immune response early in infection can cause a persistent immune activation 

of the CNS resulting in local immune-mediated damage throughout the course of infection. In 

fact, a positive correlation has been described between the severity of the acute response and a 

more rapid progression to AIDS P

220
P and HAD P

221
P suggesting that while a strong early immune 

response can control the virus, it can cause a state of low level chronic immune activation that 

can lead towards faster and more severe CNS damage. These findings indicate that early, potent, 

suppression of viral replication throughout the body might potentially inhibit the development of 

virus-mediated neuropathology later on. 
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IV. Microarray analysis of differentially expressed genes in the CNS of SIV 

infected rhesus macaques 

 

The following section contains data from microarray analyses of CNS tissues from the same 

macaque cohort infected with SIV/DeltaB670 studied by SAGE, and of MF and Mgl cells 

isolated from pigtailed macaques and co-infected in vitro with SIV 17E-Fr plus SIV/DeltaB670 

(kindly provided by Dr. Joseph Mankowski, Department of Comparative Medicine, Johns 

Hopkins University). Follow-up studies involving stress-related genes found to be upregulated 

by microarray experiments are also included in this section. 

The macaque cDNA microarray that was used for these experiments was developed by 

Dr. Todd Schaefer (at the time in Dr. Reinhart’s laboratory). 
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A. Preface 

As a second approach to studying differential gene expression, I used an immunologically 

focused macaque sequence based microarray that was developed and validated in our laboratory. 

The following section describes data obtained from microarray hybridizations using SIV-infected 

CNS tissue RNA as well as in vitro infected MF and Mgl cell populations. In addition to 

confirmation of the SAGE data (MHCI upregulation) and the upregulation of RACE products 

(described in Section III E) the data obtained from microarray experiments further point toward 

immune activation of the CNS (upregulation of stress products, chemokines, and G1P3) during 

SIV infection. 
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B. Abstract 

DNA microarray technology permits the analysis of the expression levels of thousands of genes 

simultaneously. Although fast and efficient, a major limitation of this technology is that gene 

expression levels can only be assessed for the genes that are spotted on the array, that is, 

discovery of novel genes is not possible. To identify differentially expressed genes in the SIV 

infected rhesus macaque CNS, we used an immunologically focused microarray. Currently there 

are no macaque sequence specific microarrays that are commercially available but our laboratory 

has developed an immunologically focused custom microarray containing 256 macaque-specific 

genes. These genes included cytokines, chemokines and chemokine receptors all of which might 

have an important role to play in the SIV-associated disease process. The array also included 

macrophage, dendritic cell and lymphocyte related genes as well as genes involved in innate 

immunity and adhesion. we probed this array with both CNS tissue RNA from different disease 

states and RNA from in vitro infected primary MF and Mgl. Upregulated genes included 

chemokines MCP-1, 2, 3, and MIP1α, and ISG G1P3. Products amplified by RACE (described 

under section III E) included multiple stress-related genes, which were also upregulated. These 

genes could potentially play a role in the SIV induced pathology of the CNS. 
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C. Introduction 

DNA microarray technology allows the analysis of the expression levels of thousands of genes 

simultaneously P

171,172
P. The array consists of a highly ordered matrix of hundreds to thousands of 

different DNA sequences immobilized on a solid surface. In this method, a labeled cDNA target 

is hybridized to a DNA microarray and the gene expression levels assessed by quantifying 

hybridization intensities. Although results obtained from microarray hybridization experiments 

have been confirmed by other techniques P

173
P and the procedure is fast and efficient, 

commercially available arrays can be expensive and the bioinformatical analysis can be time 

consuming and complicated. A major limitation is that gene expression levels can be assessed 

only for the genes that are spotted on the array, that is, discovery of novel genes is not possible 

by this method. Also DNA arrays have been shown to lack the sensitivity to detect low 

abundance mRNAs particularly in complex tissues P

174
P. Furthermore, different protocols, 

reagents, and analyses used in different studies make it difficult to compare microarray data 

between laboratories.  

 Microarray technology has been used to study HIV/SIV infections and specifically, 

Roberts et al., has used this technology to study SIV infection of the CNS in acute phase and 

severe encephalitis P

74,178
P. However, all studies published so far have utilized commercially 

available human sequence based arrays. 

 To investigate differential gene expression in SIV infected macaques, we used an array 

that was spotted with 256 macaque cDNAs. This array was developed and validated in our 

laboratory and the cDNAs spotted on it consisted of genes involved in the immune response. We 

attempted to understand the SIV induced immune response by probing this small but functionally 

focused array with cDNAs synthesized from uninfected, SIV infected AcSIV, and mSIVE CNS 
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tissue RNA samples. We also used this array to investigate differential gene expression patterns 

in macaque MO and MF that were in vitro infected with SIV/17E-Cl or SIV/17E-Fr. In addition 

to the immunity-associated genes, 60 cDNAs that were amplified by the RACE method 

(described in Section III E,) were also spotted on this array. 

 In SIV infected CA tissue we found MHCI and Β2M to be upregulated both in AcSIV 

and mSIVE relative to uninfected samples. In the in vitro infected cell populations, we found 

upregulation of chemokines MCP-1, MCP-2, MCP-3, and MIP1α, and ISG G1P3. Other 

upregulated genes included cDNAs that were amplified by RACE (Section III E) and spotted on 

the array. Many of the upregulated RACE products were stress-related genes with some 

belonging to the mitochondrial oxidative phosphorylation (OxPhos) pathway. In addition, RACE 

amplified cDNAs of unknown functions, for example, IMAGE clone 3856788 was also 

upregulated as a result of SIV infection. All the genes identified here could potentially play a 

role in SIV induced neuropathogenesis. 
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D. TMaterials and Methods 

TAnimals and tissue processing 

TAnimals and tissues used in this study are described under Section II D. 

 

TIn vitro infection of cells 

TIn vitro infected cells were received from Dr. Joseph Mankowski, Department of Comparative 

Medicine, Johns Hopkins University. Mgl were isolated from the CNS of pigtailed macaques 

(Macaca nemestrina), cultured in vitro, infected with SIV/17E-Fr or SIV/17E-Cl virus strains, 

and harvested on 7 dpi. MOs were isolated from the blood of pigtailed macaques and cultured 

and differentiated in vitro. These cells were infected with SIV/17E-Fr or SIV/17E-Cl virus 

strains, and harvested on 3 and 7 dpi.  

 

TMicroarray hybridization 

cDNA was reverse transcribed from cell culture total RNA using the array 350p random prime 

kit (Genisphere, Hatfield, PA) using 0.5 μg of DNA. Briefly, total RNA extracted from tissues 

using Trizol, was combined with random RT primer and nuclease free water to a final volume of 

11μl on ice, heated at 80P

o
PC for 10 min, and then ice for 2 min. This reaction was then combined 

with 5X Superscript reaction buffer, dNTP mix, 0.1M DTT and Superscript II enzyme. Reverse 

transcription was performed at 42 P

o
PC for 2 hrs. The reaction was stopped by adding 3.5μl of 0.5M 

NaOH/50mM EDTA and incubating at 65P

o
PC for 10 min. The reaction was then neutralized with 

5μl of 1M Tris-HCl, pH 7.6. The cDNA synthesis was purified using the QIAQuick PCR 

Purification kit (Qiagen, Valencia, CA) and the cDNA was denatured at 90-95 P

o
PC for 10 min,  
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then ice for 10 min. Cy5 (green) or Cy3 (red) were ligated onto cDNA using T4 DNA ligase. 

Ligation reactions were incubated for 2 hrs at room temperature and the reaction was stopped 

with 7μl of 0.5M EDTA and incubated at 65P

o
PC for 10 min. The ligation mixes were combined 

with 10μl of 10mM Tris-HCl (pH 8.0)/1mM EDTA, purified using an YM-30 column and 

centrifuged at 14,000 rpm for 2 min. A hybridization mixture including Cy3 and Cy5 capture 

reagents, CotI DNA and antifade hybridization buffer were incubated at 80P

o
PC for 10 min, 50P

o
PC 

for 20 min and the finally at 50P

o
PC for 3 hr. Washes were performed in graded SSC solutions for 

12 min each. Microarray slides were then centrifuged in a 50 ml conical tube at 1,000rpm for 2 

min to dry. Slides were scanned using the Affymetrix 417 array scanner on both the Cy3 and 

Cy5 wavelengths. Quantification of the pixels per spot in images for Cy3 and Cy5 was 

performed using the software package Imagene v5.0 (Biodiscovery, El Segundo, CA) and data 

normalization and manipulation was performed using Microsoft Excel. The data were 

statistically analyzed using one-way ANOVA and pairwise T test comparisons. 

 

IHC 

IHC was performed essentially as described in Section III D. Anti-Cyt C, (clone CTC05, 

Chemicon, Temecula, CA) and anti-HSP70 (rabbit Ig, Upstate, Lake Placid, NY) antibodies 

were used at 1:50 dilution. Retrievogen B (BD Pharmingen, San Jose, CA) was used for 

microwave antigen retrieval and tissues were blocked for 1 hr at room temperature in 1X PBS 

supplemented with 1.6% normal horse serum (Dako Corps, Carpinteria, CA). Antigen-positive 

cells were detected using the Super PicTure kit (Zymed, San Francisco, CA) using 3,3'-

diaminobenzidine (DAB) as the substrate.  
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E. Results 

Microarray analyses of CA tissue 

A total of 11 RNA samples (2 uninfected, 7 AcSIV, and 2 mSIVE) were extracted from the CA 

region of the macaque CNS. The macaque microarray was probed with RNA from 7 AcSIV and 

2 mSIVE samples, each compared to a reference sample. The reference in each case comprised 

of a pool of the 2 uninfected RNA samples. A gene was defined as differentially expressed if it 

was found to be up- or down- regulated by at least 2-fold. The 2-fold cut off is standard for 

microarray analysis and has been well established.  

Comparing AcSIV to uninfected CA, we found MHCI and Β2M to be upregulated by 

3.4-fold and 3.0-fold respectively. Another cDNA that was upregulated by 2.0-fold was a RACE 

product of unknown function (IMAGE Clone 3856788) (Table 8 A). In AcSIV, 5 genes were 

found to be upregulated by >2.0-fold relative to mSIVE. Three of these were MHCI, Β2Μ, and 

IMAGE Clone 3856788, i.e. same genes that were upregulated in the AcSIV versus uninfected 

comparisons. When the sequence for IMAGE Clone 3856788 was BLAST searched, the most 

homologous gene of known identity was Malat-1 (metastasis associated in lung adenocarcinoma 

transcript 1) (86% homology). Malat-1, another RACE product, was also found to be upregulated 

by 2.2-fold (Table 8 A). Malat-1 is a non-coding RNA that is believed to act as a prognostic 

marker for metastasis in non-small cell lung cancer P

222
P. Expression of Malat-1 has been described 

in multiple tissue compartments including the CNS P

222
P. No genes were found to be upregulated 

more than 2 fold in mSIVE versus uninfected or mSIVE versus AcSIV groups. 
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Microarray analyses of in vitro SIV-infected cell populations 

Mgl isolated from the CNS of two pigtailed macaques were infected with SIV strains 17E-Cl and 

17E-Fr, and harvested at 3 and 7 dpi. MO were also isolated from the blood of these animals, 

cultured in vitro, and infected and harvested similar to the Mgl population. Total RNA isolated 

from these samples was used to probe the microarray. In the Mgl samples G1P3 was the only 

cellular gene that was found to be upregulated by greater than 2-fold in SIV/17E-Fr and 

SIV/17E-Cl infected cells relative to mock-infected cells (Table 8 B). As described in the 

previous section, G1P3 was found to be upregulated in the CNS and Ax LN possibly as a 

surrogate marker for IFNα-mediated immune response. 

In the MF populations, multiple genes involved in immune function and stress-response 

pathways were found to be upregulated by greater than 2-fold (Table 8 C). These genes included 

MHCI, G1P3, calmodulin 1 and 2, chemokines such as MCP 1, MCP 2, MCP 3, MIP1α, and 

PARC (pulmonary and activation regulated chemokine), as well as stress-related genes such as 

mitochondrial dehydrogenase and Hsp70. Genes that were unknown or of undefined functions 

such as the IMAGE clone 3856788 and Malat-1, were also found to be upregulated. The cell 

population infected with the more virulent strain SIV/17E-Fr showed a larger number of genes 

that were upregulated by >2-fold compared to the population infected with the less virulent strain 

SIV/17E-Cl (Table 8 C).  

Therefore, the results from the microarray experiments showed an upregulation of genes 

involved in immune activation, signal transduction, and stress. These genes are likely to play a 

role in development of neuropathology. 
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Table 8  Differentially expressed genes by microarray analyses 

 

P

a
P Genes upregulated >2-fold in CNS CA tissue infected with SIV/DeltaB670 

P

b 
PGenes upregulated >2-fold in Mgl in vitro infected with SIV 17E Cl and SIV 17E Fr 

P

c 
PGenes upregulated >2-fold in MF in vitro infected with SIV 17E Cl and SIV 17E Fr 

P

RACE 
PRACE products found to be upregulated by microarray 

MHCI upregulation observed by microarray hybridizations 

Genes upregulated in CA tissuea AcSIV/Uninfected 
MHC I 3.4 
Β2M 3.0 
IMAGE Clone 3856788RACE 2.0 

Genes upregulated in MFc 17ECl 
MF/mock 

SIV LTR 13.0 
Mitochondrial 
dehydrogenaseRACE 2.5 

Mtb 16S rRNA 2.3 
α-Tubulin 2.3 
MCP-1 2.3 
Heat shock protein 70RACE 2.3 
GAPDH 2.2 
IMAGE Clone 3856788RACE 2.2 
Bleomycin hydrolaseRACE 2.2 
MCP-3 2.1 
MCP-2 2.1 
MIP-1α 2.1 
Macrophage inhibitory factor 2.0 

A

B

C

Genes upregulated in CA tissuea AcSIV/mSIVE 
IMAGE Clone 3856788RACE 2.5 
Β2M 2.4 
Malat-1RACE 2.2 
MHC I 2.2 
Mtb 16S rRNA 2.0 

Genes upregulated in Mglb 17ECl Mgl/mock 
SIV LTR 10.5 
G1P3RACE 2.3 

Genes upregulated in MFc 17EFr 
MF/mock 

SIV LTR 17.4 
α-Tubulin 3.1 
Mitochondrial 
dehydrogenaseRACE 3.1 

MCP-1 3.0 
MCP-3 3.0 
MCP-2 2.9 
Heat shock protein 70RACE 2.8 
PARC 2.7 
Mitochondrial genomic 
DNARACE 2.7 

G1P3RACE 2.6 
GAPDH 2.6 
Macrophage inhibitory factor 2.5 
S100 Ca binding proteinRACE 2.3 
Bleomycin hydrolaseRACE 2.2 
IMAGE Clone 3856788RACE 2.2 
Mtb 16S rRNA 2.2 
Calmodulin-1 2.2 
Eotaxin 2.2 
MHC I 2.1 
MIP-1α 2.1 
FcER1-g 2.1 
Calmodulin-2 2.0 
CD16 2.0 
Heat shock binding protein 2.0 
Malat-1RACE 2.0 
GAPDH 40 2.0 

Genes upregulated in Mglb 17EFr /Mgl/mock
SIV LTR 21.9 
G1P3RACE 2.3 
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Since stress related products were upregulated in vitro, we investigated whether the 

upregulation of these products could also be observed in vivo. we performed IHC on SIV 

infected CNS tissues for detection of some of these products. From the microarray experiments 

we observed upregulation of stress related genes that belonged to the mitochondrial OxPhos 

pathway. These genes are listed in Table 5. Previously we had observed an upregulation of 

MHCI and ISGs in the CNS even with very low levels of local viral replication. In order to find 

out whether this immune activation was also characterized by mitochondrial damage, we 

performed immunostaining for Cyt C, a marker for mitochondrial leakage. We also stained for 

Hsp70, a stress related gene that was found to be upregulated by microarray. In SIVE tissues 

intense punctate Cyt C staining was observed at the perivascular as well as parenchymal regions. 

In comparison, non-SIVE tissues showed staining mostly restricted to the perivascular regions 

(Figure 21 i-ii). HSP70 expression was observed in both SIVE and non-SIVE tissues in the 

perivascular regions. The expression levels in this case were not significantly higher in SIVE 

compared to non-SIVE (Figure 21 iii-iv). For the Cyt C and Hsp70 IHC experiments, 2 SIVE 

and 2 non-SIVE animals were used. The tissues used were paraffin embedded sections obtained 

from Dr. Clayton Wiley. With our tissues, both cryopreserved and paraffin embedded, the Cyt C 

and Hsp70 antibodies did not work. This could have been due to the different tissue fixation 

protocols that are used by different laboratories. Unfortunately, as a result of this technical 

difficulty we were not able to compare the expression of these markers in our AcSIV tissues. 

Therefore, although evidence of stress was observed in SIVE versus non-SIVE tissues, whether 

low levels of stress was present in acute phase of infection could not be determined. 
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Figure 21  Expression of Cyt C and Hsp70 in SIVE and non-SIVE tissues 

IHC was performed in SIVE and non-SIVE tissues using antibodies to CytC and Hsp70. CytC was found to be 
upregulated in the CNS of SIVE animals (i) compared to non-SIVE animals (ii). Expression of HSP70 was not elevated in 
SIVE (iii) compared to non-SIVE (iv) tissues. (v) shows tissue section stained with isotype control antibody. Size bar 50 
μm. Original magnification 400x.  
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F.  Discussion 

In this section we focused on using microarrays for studying differential gene expression in the 

CNS of SIV infected macaques. We used an immunologically focused macaque-specific 

microarray for these studies. The main objective of these studies was to identify differentially 

expressed genes in the CNS or CNS derived cells of SIV infected rhesus macaques. Another 

purpose was to confirm the data we had already obtained by SAGE. To this end, we found 

MHCI, the tag predicted to be upregulated by SAGE and then successfully identified by RACE, 

to be 2-fold or greater upregulated by microarray analysis in the CA tissue. In addition to the 

SAGE data confirmation, we attempted to determine whether the “mismatched” RACE products 

that were amplified using SAGE tag specific primers were indeed differentially expressed in 

these tissues. Some RACE products that were found to be upregulated in the CA tissue were 

stress related and belonged to the mitochondrial OxPhos pathway.  

From the experiments with in vitro infected Mgl, a >2-fold upregulation was found only 

for G1P3. G1P3 is an ISG induced as part of an IFNα mediated immune response. We have 

found this gene to be upregulated both in the CNS and the Ax LN by real-time RT-PCR 

(described in Section III E). The microarray data lends confirmation to my previous findings. 

In the MF population that were infected in vitro with SIV/17E-Fr, we found 27 genes that 

were upregulated by greater than 2-fold. These included MHCI, G1P3, calmodulin 1 and 2, 

chemokines, and mitochondrial stress-related products. The chemokines MCP-1, 2, 3, Mip1α 

were found to be upregulated in the MF population by >2-fold. Chemokines play an important 

role in HIV/SIV infection. TChemokine receptors and ligands CXCR4 and α-chemokines SDF-

1α/β/γ, CCR5 and β-chemokines RANTES, MIP1α/β, MCP-1, and CX3CR1 and Fkn P

223
P have 
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been described to be important in HIVE/SIVE. In SIV infection, MCP-1 has been found to be 

upregulated both in CSF and within the brain parenchyma before encephalitic lesions appeared 

P

37
P. MF, Mgl, and astrocytes can secrete chemokines MIP1α and MIP1β, which are involved in 

stimulating MO/MF migration and retention P

224
P and therefore can play an important role in the 

development of HIV/SIV associated neuropathology. T 

The fact that MF showed more differentially expressed genes than the Mgl might not be 

unusual. Mgl are long-term residents of the CNS with a low turnover rate P

86,149
P. Mgl can be 

infected by HIV and SIV although, at least in the SIV model, perivascular MF are considered to 

be the central cell population that determines encephalitis P

31
P. MOs are cells that can get infected 

at the periphery traffic to the CNS and thus carry the virus into the CNS. Activated MFs produce 

proinflammatory cytokines, reactive oxygen species and neurotoxins, cause further dysregulation 

of the local cytokine chemokine balance, and can activate the resident Mgl P

86
P. Therefore it is 

possible that MF population will show a larger number of differentially expressed genes. 

However, the MF and Mgl are in vitro infected populations and the response of these cells to 

productive or non-productive infection in vivo might be different. 

The microarrays probed with RNA extracted from CA tissue showed few genes that were 

upregulated >2-fold. Whereas tissue studies portray the in vivo disease process better, we also 

have to take into account that in a complex tissue of mixed cell populations, it might be more 

difficult to detect large changes in the expression levels of genes that might be taking place 

within a small population of cells within that tissue. In fact, in a complex heterogeneous 

environment like the CNS, genes with low abundance often have significant functions and even 

minute alterations in the gene expression levels can cause drastic changes in the CNS 

homeostatisP

214
P. Our microarray data are consistent with another study by Roberts et al., in which 
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differential gene expression of the macaque CNS was addressed by microarray analysis P

178
P. This 

study also found similar levels of upregulation of MHCI and Β2Μ in SIVE. Another study by the 

same group addressed the acute peak viremia period and again observed similar levels of MHCI 

upregulation P

74
P. Stress related genes were found to be upregulated in SIVE and a number of ISGs 

including G1P3 were found to be upregulated in both the acute phase and SIVE. Therefore our 

macaque microarray data agreed with other studies of neuroAIDS where human nucleotide 

sequence based arrays were used. This also indicates that elevated expression levels of immune 

associated molecules and stress markers are observed in other models of SIV encephalitis as 

well.  

HIV-1 gp120 has been shown to cause oxidative stress in CNS cells P

225,226
P. Evidence of 

oxidative stress has also been noted in the CNS tissue and CSF of patients with HAD P

96,227
P. By 

microarray analysis we found stress related genes, particularly those belonging to the 

mitochondrial OxPhos pathway, to be upregulated. In tissues, mutations in mitochondrial DNA 

can cause an upregulation of the OxPhos pathways. OxPhos genes are believed to be upregulated 

in order to compensate for additional energy requirements that the cell might have as a 

consequence of coping with damage P

228,229
P. Dysregulation of Oxphos genes have been reported in 

mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS). 

Mitochondrial damage can cause Cyt C release that eventually results in apoptosis P

230
P P

231
P. In fact 

apoptotic pathways induced by HIV-1 have been shown to be associated with mitochondrial 

damage as measured by mitochondrial release of Cyt C P

147,232-234
P. Mitochondrial damage has also 

been reported to cause MHCI upregulation. These cells are then targeted by the immune system 

and destroyed P

235
P. Heat shock proteins are molecular chaperones that are produced by cells in 

response to stress. Hsp70 has been shown to act as an innate antiviral factor and diminish viral 
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replication in MFs P

236
P. In primary CNS cultures Hsp70 was shown to not be associated with 

protection against HIV gp120 mediated damage P

237
P. To assess oxidative stress and mitochondrial 

damage in SIV infected CNS tissues, we performed IHC using the markers Cyt C and Hsp70. 

These experiments were performed on 2 SIVE and 2 non-SIVE tissues where both sets were 

paraffin embedded and obtained from the laboratory of Dr. Clayton Wiley. However, the 

antibodies to CytC and Hsp70 could not be optimized to work in either cryopreserved or paraffin 

embedded sections obtained from our cohort of macaque. The reason for this could be the 

different protocols used by different laboratories to fix tissues post-necropsy. This technical 

hurdle prevented us from determining the expression levels of the stress-related genes in AcSIV 

animals with minimal viral replication where I have previously observed signs of immune 

activation. However, we found evidence of mitochondrial damage and leakage in SIVE 

compared to non-SIVE animals as determined by Cyt C IHC. The Hsp70 was less easily 

interpretable and it did not seem to indicate elevated expression levels in SIVE tissues relative to 

non-SIVE tissues. These data, in addition to confirmation of the microarray experiments, 

indicate that as in the case of HIV-1 infection, SIV infection of the CNS shows evidence of 

oxidative stress and mitochondrial damage.  
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V. Final Discussion 

 

After more than 20 years since it was first described, HIV continues to be a raging epidemic 

worldwide with thousands of new people infected each day. A majority of HIV infected people 

develop some sort of neurological pathology although encephalitis and symptoms of dementia 

only develops in about 25-30% of those infected P

1
P
T.T The focus of this body of work was the 

identification of differentially expressed genes in the CNS of SIV infected macaques in order to 

systematically characterize the CNS immune environment during such an infection. 

The study of differential gene expression was approached by SAGE and microarray 

techniques. Although it was challenging to identify the macaque SAGE tags using human 

sequence databases, I identified MHCI as being differentially expressed by both techniques. The 

MHC class I molecule is an important component of the immune system particularly for antigen 

specific T cell lysis of target cells via interactions between the T cell receptor and a MHC class I 

peptide complex on the target cell. In the normal CNS MHCI expression is low but is 

upregulated during an inflammatory response. In the CNS, the potential candidates for MHCI 

expression are MF/Mgl, endothelial cells, astrocytes, oligodendrocytes, and neurons P

203-206
P. There 

are multiple reports of MHCI expression by brain MF/Mgl, particularly perivascular cells, in a 

variety of inflammatory conditions including HIV infection P

207
P. Both endothelial and 

perivascular cells are likely to be important for antigen presentation since they lie at the BBB 

interface through which both the virus and the immune cells must enter. In our studies I observed 

high levels of MHCI mRNA expression in the vascular/perivascular regions of the brain (Figure 

9). Simultaneous ISH/IHC detection analyses for CD68 revealed approximately 2-fold higher 

proportion of MHCI P

+
P/CD68P

+
P cells in AcSIV relative to uninfected, and a 4-fold higher 
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proportion in mSIVE relative to uninfected (Figure 12 and 13). Even in the inflammatory mSIVE 

condition MHCI+/CD68+ double positive cells accounted for approximately only 8% of total 

cells. Although 8% activated CD68+ cells could be of biological significance, this finding 

indicated that other CNS cell types were expressing much of the MHCI mRNA during SIV 

infection. ISH and IHC of subjacent sections showed that in uninfected tissues MHCI mRNA 

was being expressed by endothelial cells with the expression levels becoming elevated during 

disease (Figure 14). Astrocytes, oligodendrocytes, and neurons have all been previously reported 

to be capable of MHCI expression particularly in in vitro studies, but also in some in vivo studies 

P

203,205,206,208
P. In fact, in the CNS, the MHCI molecule has been described to play roles other than 

in the classically described antigen-presentation pathway. MHCI expression in certain subsets of 

neurons in both the developing and the mature brain can function in CNS remodeling and 

synaptic plasticity P

210,211
P. In addition, non-functional electrically silent neurons, such as those 

damaged by inflammation, have been shown to express MHCI, possibly to facilitate recognition 

by the immune system and subsequent elimination P

206,212
P. Therefore the elevated levels of MHCI 

that was observed in our study might have functions that are novel. In this study I observed an 

increase in the percentages of neurons, and oligodendrocytes expressing MHCI, particularly 

during the acute phase of infection when replicating virus was not detectable locally (Figure 15). 

The upregulation of MHCI in the CNS could not be attributed to a systemic upregulation of 

MHCI as no correlations between the two were observed (Figure 8 A, C). However systemic 

viral replication leading to increased plasma virus levels and immune factors could conceivably 

act on the CNS particularly at the vasculature where a lot of the MHCI expression was observed.  

To define the CNS immune environment particularly in the absence of viral replication, 

we investigated the expression of cellular factors that might be upregulated either locally or 
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systematically as a result of SIV infection and also have an effect on the observed MHCI 

upregulation. Expressions of proinflammatory cytokines, (IL-6, IL-12, IL-2, TNFα) interferons 

(IFNα, IFNβ, IFNγ), and TLR2 were not detectable or the data were not interpretable, in the 

CNS CA. (Table 7) IL-1β mRNA was detectable but was not differentially expressed (Table 7). 

In contrast, TLR-4 showed a slight but statistically significant upregulation when comparing 

uninfected and AcSIV animals.(Table 7).  

Type I interferons, IFNα and IFNβ, are antiviral molecules that are expressed early after 

infection. They activate innate and acute phase response immune molecules and can cause 

upregulation of MHCI P

194
P. Although we were unable to interpret the data for IFNα or IFNβ 

expression in the CNS, systemic upregulation of these molecules have been previously described 

for SIV infection. Other studies from our laboratory (Sanghavi SK and Reinhart TA, submitted 

for publication) have found high levels of systemic upregulation of IFNα during acute infection 

in the Ax LN of the same macaques that were used for this study. Published studies from other 

groups P

74,215
P have also found evidence of this phenomenon. In our study, we observed the 

upregulation of ISG mRNAs, G1P3, OAS2, and MxA, both in the CNS and the Ax LN during 

SIV infection. It is possible that although interferons might be below the levels of detection in 

the CNS, systemic upregulation IFNα as well as the specific ISGs was responsible for the local 

CNS upregulation of these ISGs and could be contributing to systemic interferon upregulation. In 

a study by Roberts et.al., the authors found no changes in the expression levels of IFNα/β in the 

CNS during acute infection but did detect a systemic upregulation of IFNα and attributed the 

changes in the CNS immune environment to systemic immune activation P

74
P. Since we also 

observed correlations between MHCI levels in the CNS and peripheral viral loads, it also seems 

possible that the virus carried by the blood could have been responsible for immune activation at 
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the CNS endothelium. In accordance to this we found MHCI mRNA to be expressed at high 

levels at the endothelium during the acute phase of infection when systemic viral loads are high 

yet no replicating virus was detected in the CNS. MHCI has also been described as an ISG and 

therefore systemic upregulation of IFNα could also have attributed to the MHCI upregulation 

particularly at the interface of the BBB P

219
P. In summary, the immune response that we observe in 

the CNS could be due to cellular mediators and ligands produced elsewhere in the body. 

Previous studies by Abel et al. P

215
P and Bosinger et al. P

216
P have found systemic 

upregulation of MxA in acute and chronic disease without reduction in viral load. In our system 

we also observed upregulation of MxA and OAS2 in Ax LN during acute phase of infection in 

the presence of high viral loads suggesting that neither of these molecules were able control viral 

replication. HIV-1 has previously been described to have developed evasion strategies against 

certain ISGs P

200
P. HIV-1 has been shown to inhibit the RNAseL pathway by inducing the 

synthesis of an RNAse L inhibitor RLI P

200
P. HIV-1 Tat protein and TAR RNA has also been 

described to inhibit PKR, another important ISG molecule P

200,215
P.  Therefore it is conceivable that 

SIV gene products can inhibit antiviral actions of ISGs and are therefore able to persist in the 

presence of IFN-α/β mediated immune response.  

 

CNS damage in the presence and absence of local viral replication 

Based on the collective data presented in this dissertation, I present a potential model of CNS 

damage during early SIV infection. During acute SIV infection, viral loads are high in plasma 

and Ax LN. As an early antiviral immune response, IFNα levels are highly elevated in the 

periphery (blood and/or Ax LN) inducing the expression of ISGs specifically G1P3, MxA, and 

OAS2. Virus carried by infected MO enters the CNS at the BBB and causes a local inflammatory 
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response. During this stage, viral load and IFNα levels in the blood are also very high. At the 

CNS vasculature, the endothelial cells begin to express high levels of MHCI mRNA. 

Perivascular MO/MF also located around the vasculature get activated, expressing HLA-DR and 

high levels of MHCI. Although neurons, astrocytes, and oligodendrocytes are not efficiently 

infected by SIV or HIV, they can be activated by the ongoing local immune response or by non-

productive infection. The activation could be caused directly by the virus or viral products (shed 

gp120, Tat) or indirectly by products from activated MF/Mgl (pro-inflammatory cytokines, NO, 

PAF). As a result of this they might upregulate MHCI on their cell surfaces. Although there is 

evidence that the virus enters the CNS early by 7 dpi, even by 14 dpi, only minimal productive 

infection can be observed. This is assumed to be due to a robust immune response at the 

periphery and possibly at the BBB as well. Although we did not observed many T cells within 

the CNS of these animals, it is conceivable that due to virus interactions with endothelial cells at 

the point of viral entry at the endothelium, T cell mediated lysis of cells infected with SIV can 

occur leading to low level but ongoing disruption of the BBB. In summary, in this early stage of 

infection, virus entry into the CNS as well as high levels of virus and interferons in the blood can 

cause a local immune response. This response can be defined by an upregulation of G1P3, MxA, 

and OAS2 in the CNS. In addition, the elevated levels of MHCI that is observed might be a 

surrogate ISG marker for the massive interferon-mediated immune response.  

 In the late stages of disease, immune control from the periphery is lost and infected 

MO/MFs enter the CNS and re-seed it with virus. The low level persistent immune activation is 

not enough to control this onslaught. Activated MO/MFs express toxic products that directly act 

on the resident CNS cells causing massive gliosis and neuronal apoptosis. Oxidative stress is also  
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Figure 22  Immune response associated with early SIV infection of the CNS 

In acute infection viral load is high in the periphery. Infected MO carry virus into the CNS where the infection is cleared 
rapidly. IFNα mediated systemic immune response and high plasma viral loads cause an upregulation of MHCI at the 
CNS endothelium. Other CNS cells such as MF/Mgl, astrocytes, neurons, and oligodendrocytes, also express MHCI 
mRNA during this time even in the absence of local viral replication. MHCI and ISGs G1P3, MxA, and OAS2, are 
upregulated in the CNS possibly acting as surrogate markers for interferon-mediated immune response.  

 

present at this time as observed by the elevated expression of CytC indicating mitochondrial 

damage and leakage. In the periphery, IFNα and ISGs remain in high levels unable to control 

viral replication. At the CNS, MxA, and OAS2 remain at high levels as well and are not able to 

control viral replication locally. G1P3 levels, however, actually decrease in the CNS when viral 

levels are high. The reason for this is not clear, but since HIV has been described to have 
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developed immune evasion strategies against other ISGs, it is conceivable that there is a 

mechanism by which SIV can render G1P3 ineffective.  

In summary, this model (Figure 21) suggests that during early infection, there is a robust 

innate immune response mediated by IFNα. The presence of infected MO in the CNS as well as 

systemic upregulation of IFNα results in upregulation of ISGs including MHCI in the CNS 

particularly at the endothelium situated at the junction of the BBB. Although the virus that enters 

the CNS during early infection is controlled rapidly, the state of immune activation persists in a 

chronic manner. A positive correlation has been described between the severity of the acute 

response and a more rapid progression to AIDS P

220
P and HAD P

221
P suggesting that while a strong 

early immune response can control the virus, it can cause a state of low level chronic immune 

activation that can lead towards faster and more severe CNS damage. During encephalitis when 

peripheral immune control is lost, infected and activated MO/MFs enter the CNS re-seed it with 

virus, and can cause massive inflammation. At this stage stress markers are also expressed and 

neuronal apoptosis occurs mostly caused by the toxic products secreted by activated MF/Mgl. 

Pathologically, this state of massive inflammation results in encephalitis and the actual loss or 

dysfunction of neurons gives rise to symptoms leading to dementia.  

 

With the advent of HAART, the incidence of HAD has decreased, however, the 

cumulative prevalence of HAD has increased possibly because of the increased lengths of 

survival in AIDS patients P

53,64
P. The data presented here indicate that after the early viral invasion 

of the CNS, a persistent immune activation might occur which can affect the development of 

HIV/SIV associated neuropathogenesis later on. Therefore, if vigorous therapy and treatment is 

assumed very early during infection, the severity of neuropathological developments might be 
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reduced. From the perspective of public health, early detection and intervention strategies might 

be effective in reducing the incidence of HAD. 
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VI. Future Experiments 

In this dissertation I have expanded our understanding of the CNS during SIV infection 

particularly early during infection in the absence of local viral replication. Through this process 

many questions arose that were not addressed in the interests of time. The following section 

discusses some questions that remain unresolved but could add valuable information to the field 

of SIV and HIV neuropathology, if addressed. 

 

Expression of cytokines, interferons, ISGs: Expansion of study and inclusion of other 

models of SIV encephalitis 

I investigated the expression patterns of cytokines, interferons, and ISGs only in our model of 

rhesus macaques infected with SIV/DeltaB670. Although I could investigate the early acute 

phase of infection using this system, the system did not prove to be successful for studying 

aspects of encephalitis. Out of two different cohorts consisting of 12 animals each, only two 

developed mild encephalitis. Since I was using genetically distinct out-bred macaques, the study 

needed the addition of more animals per disease group, particularly for the mSIVE group. Also, 

it would have been useful to compare the data we obtained from our model to other successful 

models of SIV encephalitis. I had obtained samples from two such models that I used to compare 

MHCI upregulation across disease states. I believe that comparing the expressions of cytokines, 

interferons, and ISGs in these other models would provide valuable information. 
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Systematic analysis of ISGs  

In my studies, I only focused on eight ISGs and followed up with three of those. ISGs are being 

recognized to be increasingly relevant in the SIV/HIV associated disease process. Therefore I 

believe that a more systematic analysis of the ISGs would be valuable particularly focusing on 

those (for example, PKR) that have already been described to be affected by HIV or SIV. 

Another important aspect would be to identify the cell types that are expressing these ISGs 

particularly in the CNS both during the presence and absence of local virus replication. This 

information would enable us to better understand how the initial virus infection in the CNS is 

controlled, which cells are responsible for maintaining the chronic immune activation status in 

the absence of viral replication and which cells are responsible for expressing the ISGs during 

encephalitis. 

 

In vitro assay to determine stress related damage by mitochondrial leakage 

In my attempts to identify SAGE tags by RACE we amplified a number of genes that were 

mismatched at the tag region. A number of these genes were stress related, particularly related to 

mitochondrial OxPhos pathways and were shown to be upregulated by use of a microarray. In 

this dissertation I have attempted a small-scale study to observe the upregulation of stress 

markers. Although I found some upregulation of these markers in SIVE when compared to non-

SIVE, technical difficulties prevented me from studying the expression of these markers in all 

the disease states.  

 I found the Cyt C gene to be upregulated by both microarray and IHC. An overexpression 

of this gene denotes mitochondrial damage or leakage as signs of stress and pre-requisites to 
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apoptosis. The mitochondrial damage could be better studied by the use of in vitro assay 

systems. In a cell culture treated with stress inducing agents i.e. virus, a time course for 

mitochondrial leakage could be plotted using the Mitotracker dyes. These fluorescent dyes 

specifically bind to the mitochondrial membranes and change color when the membrane is 

damaged and leaky. The study of oxidative stress in the HIV/SIV field is relatively new and I 

believe information on how the mitochondria are affected by viral infection could be valuable to 

the field of SIV/HIV neuropathology. 

 

Comparison to the human system 

All the work described here was conducted using the macaque model system. Although, the SIV 

system closely mimics the HIV infection and disease progression, ultimately, all data obtained 

by using the macaque system must be tested in the human system because. The limitation of the 

human system is the availability of early time points of infection. However, I could still compare 

the expressions of the immune molecules that we found to be important in macaques, to HIVE 

and non-HIVE human CNS tissues. 

 

 As previously mentioned, the questions discussed in the sections above if addressed 

could provide useful information regarding the early immune environment of the CNS during 

SIV/HIV infection and the role of specific molecules such as MHCI and ISGs in the maintenance 

of chronic immune activation and the development of encephalitis. 
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